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These studies focus on the heavy metals uranium (U) and lead (Pb) as well as the rare 
earth elements (REE) due to their known toxicity, ubiquity, and relevance in context to recent 
pollution trends. Heavy metals in the environment add to the global burden of pollution, 
negatively impacting public health and ecosystem resilience. Studying metals in natural samples 
can provide vital information on spatial and temporal enrichment, anthropogenic and natural 
sources, and the potential of remediation solutions in real-world conditions. 
The first project focused on the potential of a remediation solution for U-contaminated 
groundwater and soil at an EPA Superfund site using a commercially available hydroxyapatite 
product, Apatite IITM, a calcium-phosphate mineral typically derived from bones. Apatite IITM 
was tested at the site using columns subjected to active and passive flow of the U-contaminated 
groundwater. Aqueous analysis of active column influent and effluent showed that nearly all U 
was retained in the columns. Studies of the reacted solids using sequential extractions and heavy 
acid digestions showed that U was held in a highly stable, crystalline form. Mineralogical 
analyses using x-ray diffraction (XRD) revealed that the precipitate in the column was 
chernikovite, a sparingly soluble uranyl-phosphate; scanning electron microscopy with energy 
dispersive spectroscopy (SEM-EDS) further confirmed these findings. The employment of this 
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field study using a hydroxyapatite product to stabilize groundwater U pollution in situ was the 
first of its kind. The success of this study led to the EPA record-of-decision specifying the use of 
Apatite IITM for cleanup of U at the Nuclear Metals, Inc. Superfund site. 
The second and third projects focused on Pb and REE pollution, respectively, in a region 
of high interest, the coastline of Jeddah, Saudi Arabia, along the Red Sea. Lead concentrations 
and isotopes were determined from three sediment cores using single-step EDTA extractions 
paired with reverse aqua regia digestions, analyzed by inductively coupled plasma mass 
spectrometry (ICP-MS). The patterns of the Pb isotopes were compared with known Pb isotopic 
patterns from natural and anthropogenic sources from literature. The EDTA-extractable Pb 
patterns overlapped with multiple sources, including Australian and Chinese ores, geological 
formations of the juvenile portions of the Arabian Peninsula, and Red Sea brine and basalts. The 
recalcitrant Pb isotopic patterns, calculated using total digestions and EDTA extractable 
fractions, aligned with geological patterns of highly radiogenic granites of the southern Arabian 
Peninsula. The findings of the study determined that there are two end members for Pb 
contributions in this region; one is derived from weathered crustal-derived particles carried by 
frequent, severe dust storms, and the other is unable to be fully determined, but could be from 
geological or anthropogenic sources. This is the first study of its kind to identify that dust storms 
may be a significant source of Pb, which would add to the toxicity of exposure to dust particles 
and leads to the accumulation of Pb in the environment, even far from the source. 
The third study analyzed REE concentrations and patterns from sediment cores off the 
Jeddah coast. Total concentrations of REE were found using heavy acid digestions paired with 
ICP-MS. The signatures for two of the three sites showed significant enrichment in light REE 
(LREE), along with enrichment in vanadium (V). This indicated that much of the REE pollution 
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delivered to the coastline comes from oil refining, as crude oil is enriched in V, and LREE are 
used as cracking catalysts in crude oil processing. The site north of the central city area in the 
study showed very little REE enrichment, and the REE patterns of that site were determined to 
be a good baseline of pre-industrial patterns of REE along the Jeddah coast. The natural REE 
signature of all of the sites was found to likely originate from mountain runoff and coastal plain 
deposition via intermittent drainage through east-west trending wadis. The site closest to 
Downtown Jeddah showed the highest burden of REE pollution, likely from the atmospheric 
enrichment from the refineries along with nearby wastewater outlets as point sources. The two 
sites closest to the downtown showed enriched natural patterns due to increased runoff compared 
to the northern site. A correlation between redox state and REE enrichment was found at the 
Downtown site, likely from wastewater-enriched organic matter and subsequent dissolved 
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CHAPTER 1.  INTRODUCTION  
 
Certain heavy metals in the environment, even in trace amounts, can pose a threat to 
human and ecological health. These metals can be naturally sourced from geological origins or 
anthropogenically enriched in air, soil, and water from past and present human activities. The 
exponential population growth and move towards urbanization over the last century has greatly 
influenced the spread of trace metals in the environment from various sources, including the 
industrial, energy, and transportation sectors. It is important to characterize the quantities, 
sources, and phases of heavy metals, as well as their partitioning within the environment, to 
guide ultimate source management and remediation decisions. Studying and publishing data on 
characteristics of trace heavy metals in the environment, especially those that have been 
anthropogenically-derived, can greatly influence public health considerations, such as decision-
making on environmental regulations, best practices for industries, remediation techniques, and 
pollution control methods. This type of data can also serve to provide background information 
for further research studies. 
Heavy metal pollution varies globally from region to region, and remediation techniques 
that may work in one locality may not work under the local conditions of another region. Many 
localities lack these sorts of focused studies; therefore, it is important to find gaps and perform 
regional field studies to characterize individual situations. There is much work to be done on 
characterizing trace metals in the environment worldwide and pinpointing successful remediation 
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techniques that will work for specific real-world parameters unique to various regions and 
localities. 
Collecting and studying field samples can allow researchers to understand the nature of 
heavy metal pollution and remediation feasibility in specific settings. Performing laboratory 
analyses and experimentation on these samples can answer important questions about the 
quantity, origin, and remediation potential of trace metal pollution for specific sites, situations, 
and regions.   
1.1 Background on this work 
This study aims to focus on metals in natural samples, particularly uranium (U), lead 
(Pb), and rare earth elements (REE), in specific field settings for the purpose of characterizing 
the phases and partitioning in those sites. The first part of this work focuses on remediation 
feasibility using hydroxyapatite near Concord, Massachusetts to remove high levels of 
anthropogenic U(VI) contamination in sediments and groundwater. Prior lab studies and 
theoretical calculations have shown hydroxyapatite to be promising for U remediation, but due to 
the complexity of natural settings compared to lab-controlled experiments, field studies are 
needed to guide decision-making. This study not only applies for the effectiveness of 
hydroxyapatite-based remediation at the specific site itself but can serve as a guidance for 
remediation of sites with similar environmental parameters. 
The second and third portions of this work focus on heavy trace metal pollution from Pb 
and REE in depth-resolved marine sediment samples from a region of high interest, the Red Sea 
off the coast of Jeddah, Saudi Arabia. This area is lacking in environmental studies overall, 
particularly of depth-resolved studies showing changes over time, which are of importance 
because the urbanization of the area has exponentially increased over the last few decades. The 
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focus for these studies will be the analysis of depth resolved Pb concentrations, including 
isotopic studies, and the analysis of the spectrum of REE in the samples to provide insight into 
sourcing and quantities of pollution as a function of time. Providing and publishing this regional-
specific depth-resolved data and associated interpretations from these analyses is of importance 
for identifying pollution sources and possible mitigation methods. This will also provide 
information to future researchers as a steppingstone for further studies and for creation of 
policies in the region and beyond. 
1.2 Specific objectives of this study 
The overall objectives of these studies are divided into three sections: 
1) Characterize solid phase speciation of sequestered uranium from a U(VI)-contaminated 
groundwater plume treated via in situ hydroxyapatite. 
2) Complete an isotopic analysis of lead (Pb) in Red Sea sediment core samples to quantify and 
broadly characterize sources of Pb addition into the west-central coast of the Kingdom of 
Saudi Arabia (KSA) over time. 
3) Analyze rare earth element (REE) abundances and signatures to identify sources and 
processes influencing anthropogenic REE pollution in Red Sea core sediments near the coast 
of Jeddah, KSA over time. 
1.3 Study locations 
The first project is based on a field study of remediation using hydroxyapatite at a U-
contaminated site in the northeastern United States, near Boston, Massachusetts. This region has 
been plagued by heavy metal contamination due to its history of early colonization and industrial 
development over time during the absence of environmental regulations. This site was 
contaminated by depleted uranium (DU) from the improper disposal of waste from the 
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manufacture of bullets and other weapons-related materials. The study focuses on the use of a 
novel hydroxyapatite-based product to sequester DU into insoluble forms in-situ in the soils at 
the site. 
The second and third projects are focused on the Red Sea region off the coast of Jeddah 
in the Kingdom of Saudi Arabia, which has a unique history of urbanization. The studies provide 
depth-resolved Pb concentrations and isotopic ratios and REE concentrations and signatures 
from near-shore marine sediment cores. The population has exponentially increased over the past 
century, making it a prime location of interest for the study of anthropogenic pollution through 
coring techniques. The arid climate is conducive to the spread of atmospheric pollution, and the 
increasing episodes of sporadic flooding, brought upon by increased impervious groundcover 
and climate change, can influence pollution patterns (Youssef et al. 2016). The area also heavily 
relies on economic advances in the hydrocarbon sector, which brings to the area a potential 
increase in pollution from industry itself and indirect consequences of population growth, 
agricultural advances, and technological industries. Potential sources of contamination to the Red 
Sea are interpreted signatures found in the core samples. This type of analysis is of increasing 
interest to scientists and researchers and has never been done in this region. It is important to 
determine recent environmental changes in metal concentrations in the environment from human 
impacts, and these studies can serve as a reference for future environmental and geological 
sourcing studies. 
1.4 Project 1: Characterizing speciation of uranium during in situ treatment by 
hydroxyapatite 
This section outlines the background of uranium (U) as an environmental contaminant 
and the potential of hydroxyapatite as a remediation technique. 
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1.4.1 Uranium as an environmental contaminant 
Radionuclides are a widespread pollutant in the environment, both from natural bedrock 
sourcing and from man-made pollution. Particularly, when groundwater becomes contaminated, 
radionuclides can be difficult to remove because of difficulty accessing aquifers and the sourcing 
through sediment by sorption and desorption. Uranium is a radionuclide that is regulated by the 
US EPA at a maximum contaminant level (MCL) of 30 µg/L in drinking water (US EPA 2000) 
and can be a persistent contaminant worldwide (Bleise, Danesi, and Burkart 2003).  
Uranium pollution can arise from mining, processing of ore, nuclear power, and 
industrial uses. Natural uranium is considered weakly radioactive, due to the 99.3% abundance 
of the 238U isotope, which has a significantly longer half-life and less radioactivity compared to 
the much more radioactive isotopes of 234U and 235U (Table 1-1). For nuclear fuel and nuclear 
weapons, natural U is put through an enrichment process to increase the content of 235U, which is 
the only fissile isotope in natural U. Depleted uranium (DU) is the byproduct leftover from this 
U enrichment, and it contains an even higher percentage of 238U because of the removal of 234U 
and 235U (Bleise, Danesi, and Burkart 2003; Keith et al. 2013). 
 
Table 1-1 - Characteristics of natural uranium. Depleted uranium contains even less of 235U 
(<0.7%) and 234U than natural uranium, making it about 60% less radioactive (Bleise, Danesi, 
and Burkart 2003) 
Isotope Half-life (years) Relative mass (%) Specific activity (Bq/g) 
234U 2.46x105 0.006 231x106 
235U 7.04x108 0.72 80,011 
238U 4.50x109 99.3 12,455 
 
Whereas natural uranium is typically found at an average concentration of 3 mg/kg in the 
environment (Keith et al. 2013), DU can be found regionally in much higher concentrations 
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because of improper disposal during manufacturing of civilian and military DU products (Bleise, 
Danesi, and Burkart 2003). Depleted uranium is used for armor-piercing ammunition by the 
United States military because of its high density, high melting point, and pyrophoric 
characteristics. Ammunition composed of DU has been used in international military conflicts, 
which has led to ethical concerns due to the potential toxicity upon aerosolizing after hitting 
targets. Civilian uses have included counterweights in airplanes, which can be released into the 
environment in plane crashes, as well as medical x-ray shielding, dental crowns, and ceramic 
dishware (Bleise, Danesi, and Burkart 2003; Keith et al. 2013).  
1.4.2 Health effects of uranium 
Because the radioactivity of uranium is mostly composed of alpha particles, the pathways 
of highest toxicity are exposure to internal tissue through inhalation or ingestion (Bleise, Danesi, 
and Burkart 2003; Keith et al. 2013). Ingestion of elevated levels of soluble uranium have been 
associated with kidney disfunction, reproductive health, and developmental effects in animal 
studies. It has also been assumed to be carcinogenic due to its natural radioactivity and the decay 
product of radon, although there have been limited studies on the direct carcinogenic risk from 
ingestion and inhalation (Keith et al. 2013).  
Despite its lesser radioactivity compared to natural U, DU can be just as toxic to human 
health when it enters the environment. Natural U has about 60% more radioactivity than DU, but 
both have approximately the same toxicological health effects when inside the body. Because the 
majority of DU radiation presents as alpha particles, which cannot penetrate skin due to their low 
penetrating power, hazards from external exposure are much less than those from internal 
exposure, such as inhalation of dust, ingested of contaminated particles, and direct contact with 
embedded DU shrapnel from ammunition. Because alpha particles have much higher ionization 
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power to internal tissue than beta particles or gamma rays, they are of more concern to human 
health when inhaled or ingested into the human body (Bleise, Danesi, and Burkart 2003; Keith et 
al. 2013).  
Toxic effects of DU in the body depend highly on the solubility of the particle, 
concentration of the exposure, and the particle size. Less soluble particles tend to get ‘stuck’ in 
the body and irradiate into internal tissues, causing local damage. More soluble particles dissolve 
into the blood and complex or bind with bicarbonates, plasma proteins, and erythrocytes. This 
solubilized DU mostly excretes from the body, but the remaining amount stays in the bones, 
kidneys, and other organs for longer time periods. High exposures can cause irreversible kidney 
damage because of uranyl-carbonate complexes that can impair kidney function (Bleise, Danesi, 
and Burkart 2003; Keith et al. 2013). 
1.4.3 In situ remediation of U by hydroxyapatite 
Because of the hazards of concentrated DU at contaminated sites, research on efficiencies 
of potential remediation techniques is of great importance to environmental engineering and 
public health. At contaminated sites, DU is of concern when leached into groundwater directly 
by polluting activities or when adsorbed to natural sediment where it could release into 
groundwater and/or become airborne. Pump and treat options for groundwater are futile if the 
soil continues to feed U into the groundwater system through desorption. The potential for the 
spread of dust during direct removal of contaminated sediment, in addition to the potential of 
groundwater migration at the site of disposal, renders the haul of polluted material off-site much 
more dangerous and costly than in situ remediation concepts. Permanent in situ remediation 
alternatives are desirable because of their cost-effectiveness and long-term results (Bostick 
2003).  
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A common remediation technique is the reduction of soluble U(VI) to U(IV) by 
biological means. The production of sparingly soluble uraninite (UO2) can be achieved through 
microbial respiration. The long-term stability of this U(IV) precipitant depends on the redox 
conditions at the site, and reoxidation can occur, causing the U(IV) to convert back to the soluble 
U(VI) form (Singh et al. 2014). 
A more promising in situ remediation technique for uranium contamination in aerobic 
groundwater systems is the use of hydroxyapatite (HAP) materials to precipitate stable uranyl 
phosphate minerals (W. Bostick et al. 2000; W. D. Bostick 2003; Arey, Seaman, and Bertsch 
1999; Fuller, Bargar, and Davis 2003; Fuller et al. 2002; Mehta et al. 2015; 2014; 2016; Simon, 
Biermann, and Peplinski 2008). Oxidized U(VI) is mobile in groundwater due to the formation 
of uranyl carbonate complexes that sorb weakly onto mineral surfaces; however, U(VI) in the 
presence of phosphate is known to form sparingly soluble phosphate minerals such as autunite 
(Ca(UO2)2(PO4)2-(10-12H2O)) and chernikovite ((H3O)2(UO2)2(PO4)2-6(H2O)) (Bostick et al. 
2000; Fuller et al. 2002; Jerden and Sinha 2003; Mehta et al. 2015; 2014; 2016; Ohnuki et al. 
2004). While there have been laboratory studies and modeling on this technique, studies of the 
effectiveness of specific field applications are sparse.  
Numerous bench-scale studies have shown that contaminant metals and radionuclides, 
such as Pb, Cd, Zn, Al, Cu, and U, in aqueous form, can be successfully immobilized through 
precipitation into sparingly soluble phosphate minerals (Bostick 2003; Fuller et al. 2002; Fuller, 
Bargar, and Davis 2003; Krestou, Xenidis, and Panias 2004; Wellman et al. 2008; Simon, 
Biermann, and Peplinski 2008). The uranyl (UO22+) ion can form several uranyl phosphates of 
very low solubility (e.g., Ksp = 10-49 for autunite) within the meta-autunite group (Bostick et al. 
2000). Studies have shown that in oxidizing, apatite-rich environments, the U(VI) phosphates 
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formed via dissolution-precipitation reactions could potentially be stable over long (> 10,000 yr.) 
timescales (Jerden and Sinha 2003). The phosphate-induced sequestration of uranium does not 
rely on local alterations to the redox environment of the groundwater, further making it an 
attractive solution for in situ remediation techniques (Krestou, Xenidis, and Panias 2004). 
Various studies have proposed and studied the direct application of HAP to contaminated 
soils, injection of HAP into deeper aquifers, or its use as a permeable reactive barrier in the route 
of migrating contaminant plumes (Fuller, Bargar, and Davis 2003; Simon, Biermann, and 
Peplinski 2008; Krestou, Xenidis, and Panias 2004; Fuller et al. 2002; Arey, Seaman, and 
Bertsch 1999; Raicevic et al. 2006).  
There are three possible reaction mechanisms for the removal of U from solution via 
HAP: 
• Dissolution-precipitation: the dissolution of HAP and subsequent precipitation of the 
meta-autunite U(VI) phosphate phases, such as chernikovite or autunite (Fuller et al. 
2002; Fuller, Bargar, and Davis 2003; Fanizza et al. 2013; Mehta et al. 2014; 2016);  
• Surface complexation/sorption (Cheng et al. 2004; Simon, Biermann, and Peplinski 2008; 
Mehta et al. 2015); and/or 
• Ion exchange with the Ca2+ ion (Simon, Biermann, and Peplinski 2008; Mehta et al. 
2015). 
These reactions can occur concomitantly and will vary in extent depending on conditions 
such as groundwater chemistry and total system U concentration (Simon, Biermann, and 
Peplinski 2008). Below a threshold aqueous U concentration, the uranyl cation forms ternary 
inner-sphere complexes at the surface of HAP, and above this threshold, chernikovite and later 
autunite have also been shown to form (Fuller et al. 2002; Fuller, Bargar, and Davis 2003).  
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Studies have been done on the efficiency of U removal and retention by several types of 
naturally-derived apatites, including bone charcoal (Fuller, Bargar, and Davis 2003), crystalline 
HAP (Fuller et al. 2002; Fuller, Bargar, and Davis 2003; Simon, Biermann, and Peplinski 2008; 
Krestou, Xenidis, and Panias 2004), crystalline fluorapatite (Ohnuki et al. 2004), and Apatite 
II™, a metastable fish bone-derived HAP product, produced by Phosphate Induced Metal 
Stabilization (PIMS) NW, Inc. of Richland, WA (Bostick et al. 2000; Bostick 2003; Conca and 
Wright 2006; Raicevic et al. 2006). Several studies have compared the uptake of uranium by the 
various forms of HAP. The uptake of uranium by bone charcoal has been shown to be over an 
order of magnitude greater than natural phosphate rock (Fuller, Bargar, and Davis 2003), and the 
uptake by Apatite II™ has been shown to have uptake an order of magnitude greater than even 
that of bone charcoal (Bostick et al. 2000). 
Uranyl phosphate phases have been observed to form in laboratory batch studies 
involving apatite, but only surface U complexation by apatite has been observed in materials 
recovered from the field (Fuller, Bargar, and Davis 2003).  More field studies are, therefore, of 
importance to determine if apatite is viable in real-world conditions in sequestering U in semi-
permanent crystalline forms rather than primarily by complexation or sorption.  
1.5 Project 2: Sourcing lead in the environment using lead isotopic ratio signatures 
This section outlines the fundamentals of lead (Pb) as an environmental contaminant and 
how Pb isotopic ratios can be used to characterize lead pollution. 
1.5.1 Lead as an environmental contaminant 
The presence of lead (Pb) in the environment is a major hazard to human and ecological 
health. It has systemic effects on the human body, affecting nearly every bodily function, with 
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the most adverse effects acting on the nervous system (Wani, Ara, and Usmani 2015; Gidlow 
2004; Patrick 2006).   
Lead has been mined for commercial use as far back as Ancient Rome, with observations 
of widespread lead poisoning being noted by as early as 200 B.C (Needleman 2004; Patrick 
2006; Gidlow 2004). Despite the evidence of its toxicity, over the last century Pb has been used 
worldwide in gasoline, piping, batteries, ceramics, cosmetics, dentistry, alcohol products, paint 
pigments, weapons, and traditional folk remedies, among other uses. Lead use has been phased 
out in many countries among industries of widespread public health implications, such as 
gasoline and piping, but lead smelting and use still remains abundant worldwide. Even when 
phased out, the legacy of past anthropogenic lead pollution remains in the environment from 
innumerous current and past human activities, as well as being sourced from remaining 
infrastructure such as pipes or leaded paint in older buildings (Needleman 2004; Patrick 2006; 
Gidlow 2004). Because of activities such as lead smelters and combustion of leaded gasoline, 
lead particles can proliferate around the globe, dependent on prevailing winds and climate 
conditions. The exponential global population growth and move towards urbanization over the 
last century has influenced the spread of trace metals through industry, energy, and 
transportation sectors. 
It is vital to understand the past and current state of lead pollution at a regional scale due 
to the massive impacts lead has on public health. One way to accomplish the study of lead 
pollution and sources over time is through the collection of soil cores. By studying changes in 
lead over the depths of the core, researchers can back out information about changes in pollution 
trends. Using radiogenic lead isotopes can even allow approximate ages of the soil core depths to 
be determined, giving more exact information about the trends. This information can be used in 
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risk assessments, choosing environmental controls or mitigation techniques, and assisting future 
researchers in their studies. 
1.5.2 Lead isotope studies 
By identifying sources of metals in the environment, such as lead, engineers can derive 
solutions to reduce the spread by controlling the sources, and remedial actions can be determined 
based on known characteristics of the pollutant in question. There are often unique patterns, or 
‘signatures,’ in solid or aqueous materials that can be used to identify influences from specific 
natural materials or anthropogenic pollution. These indicators can include the abundance or 
depletion of one or more particular metals overall or the isotopic ratios as signatures of parent 
source. By identifying signatures, it is possible to postulate the sources of pollution over time. 
Abundant isotopic lead studies exist regarding North American, European, and Eastern 
Asian pollutant sourcing (i.e., Yu et al. 2013b; Mengli Chen et al. 2016; Del Rio-Salas et al. 
2012; Simonetti et al. 2003; Véron, Church, and Flegal 1998). This type of record is lacking for 
much of the Middle East, especially for identifying changes in quantities and sources of lead 
pollution over time. This study fills that gap in information by analyzing marine sediment cores 
taken off the Saudi Arabian coast near Jeddah to determine the changes in lead sourcing over 
time.  
There are four stable natural isotopes of lead: 204Pb, 206Pb, 207Pb, and 208Pb. Of these, 
204Pb is primordial, as it is not a decay product of radioactive processes. 206Pb, 207Pb, and the 
non-stable 210Pb derive from uranium decay series, and 208Pb is a daughter product of the thorium 
series. 210Pb is found in trace amounts worldwide and has a half-life of 22.3 years, making it 
useful for dating sedimentation processes on short time scales. Lead isotopic ratios have been 
used to identify the contributing sources of environmental pollution, especially atmospheric 
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pollution emitted from sources such as leaded gasoline or coal, as well as the origins of natural 
lead contributions from geological sources, such as basalts (Oulhote et al. 2011; Monna et al. 
1997). 
Because the non-radiogenic 204Pb thus maintains its original abundance, while the other 
radiogenic isotopes increase over time, it is often used as a normalizing value for the ratios in 
geological studies (Monna et al. 1997; Sutherland, Day, and Bussen 2003). The various 
combinations of isotopic ratios between 206Pb, 207Pb, and 208Pb are also often used when sourcing 
environmental pollution. Each natural source, such as lead ore, has a certain isotopic ‘signature’ 
of the various ratios. Even throughout combustion processes, such as burning of leaded fuel, the 
ratios will remain unchanged from the source (Sutherland, Day, and Bussen 2003; Komárek et 
al. 2008). If the source of the pollutant lead, such as the ore in the leaded gasoline, is different 
from the local geological formations, then the compounding isotopic ratio found in the sediment 
record will show deviations from the natural signature. An assessment then of the various lead 
sources can be pieced together from these anomalies (Monna et al. 1997; Semlali et al. 2004; 
Oulhote et al. 2011).  
Geological formations and mineralogy show distinct lead isotopic signatures. By 
analyzing isotopic composition in natural samples, along with literature review of local geology 
and weathering patterns, natural lead can be separated from anomalies of human-induced lead 
pollution (Rabinowitz 1995). Typical values for the mean isotopic composition of lead in the 
continental crust have been derived by various researchers from analysis of marine lead isotopic 
regression and zero age primary isochrons for earth. These values are approximately 206Pb/204Pb = 
18.58, 207Pb/204Pb = 15.77, 208Pb/204Pb = 38.87 (Chow and Patterson 1962). 
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Lead can enter the marine environment through atmospheric deposition, stormwater 
runoff from land, municipal or industrial wastewater discharge, bedrock weathering, and mid-
ocean ridge basalt spreading, among other pathways. Atmospheric deposition from 
anthropogenic sources is often primarily composed of petrol-based sources, although 
contributions from coal fly ash from power plants can also be substantial (Erel, Veron, and 
Halicz 1997). These aerosols can originate nearby or be transported in from other countries (Erel, 
Veron, and Halicz 1997; Kumar et al. 2016). Ocean circulation can redistribute Pb isotopic 
compositions throughout ocean sediment (Lee et al. 2015). Lead can enter wastewater discharge 
pathways and be discharged into natural water bodies through lack of proper treatment, either by 
purposeful dumping, runoff, or overflow of combined sewer systems for both industrial and 
residential waste (Kennish 1996).  
1.6 Project 3: Rare earth element patterns and signatures in the Red Sea near Jeddah 
This section outlines the natural occurrence of rare earth elements (REE) in the 
environment and its anthropogenic uses as well as the fundamentals behind studying REE 
patterns for environmental sourcing. 
1.6.1 Fundamentals of rare earth element chemistry and classifications 
The rare earth elements (REE) are made up of the 15 elements in the lanthanide group 
from the periodic table, from atomic number 57-71, often including yttrium (Y) and scandium 
(Sc) due to similarities in chemical and physical properties (Figure 1-1). Many earth scientists 
exclude Sc, due to the small radius compared with the other REE, but it is widely accepted in 
chemistry to include it, because it has more similarity in its affinities with REE than its own 
ferromagnesian group (Long et al. 2012; Hu et al. 2006; Migaszewski and Gałuszka 2015; 
McLennan and Taylor 2013; Taylor and McLennan 1995). Promethium (Pm) is incredibly rare in 
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nature, with less than 600 g in the Earth’s crust at any given time, as it is a short-lived decay 
product of nuclear fissure processes (Migaszewski and Gałuszka 2015; US EPA 2012). Thorium 
(Th) often co-occurs in REE-bearing minerals, especially monazite, so it is often a useful analyte 
during REE studies (Long et al. 2012).  
 
Figure 1-1 - Periodic table indicating the elements classified as rare earth elements and their 
properties (periodic table adapted from template under Copyright Creative Commons license; 
original creator Jeff Bigler) 
 
The REE are not as rare as the name would imply, with all the REE, except promethium, 
being more abundant than silver or mercury in the earth’s crust, and cerium being more abundant 
than even copper or lead. Since promethium is extremely rare in nature, it is not found in mineral 
bodies (Long et al. 2012; Taylor and McLennan 1985; Migaszewski and Gałuszka 2015; US 
EPA 2012).   
While REE are often found together in nature, due to their typically trivalent charge and 
similar ionic radii, they are rarely found concentrated in high percentages among mineable ore 
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deposits (US EPA 2012; McLennan and Taylor 2013). Exceptions to the trivalent charge are 
cerium, which can occur as Ce4+, and europium, as Eu2+ (US EPA 2012; McLennan and Taylor 
2013; Fedele et al. 2008). They are found among various forms of uncommon alkaline igneous 
rocks, primarily composed of phosphate and carbonate minerals, brought up from the Earth’s 
mantle through partial melting (Long et al. 2012). The lanthanide group show the characteristic 
of ionic size in that, as atomic number increases, an electron is added within an inner incomplete 
4f orbital subshell instead of an outer level (McLennan and Taylor 2013; Fedele et al. 2008; US 
EPA 2012). As the atomic weight then increases, the ionic radius progressively decreases; this is 
commonly referred to as the ‘lanthanide contraction,’ depicted in Figure 1-2 (Migaszewski and 
Gałuszka 2015; McLennan and Taylor 2013; Fedele et al. 2008; Van Gosen et al. 2017).  
 
 
Figure 1-2 - Radii (in nanonmeters) of the REE showing the decrease in radius of trivalent ions 
with increasing atomic number (adapted from Van Gosen et al. 2017) 
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Because of observations regarding separations and co-occurrences in natural systems and 
chemical bond preference patterns, REE can be divided into light (LREE), medium or middle 
(MREE), or heavy (HREE), (Migaszewski and Gałuszka 2015; US EPA 2012; Atwood 2013; 
Gupta and Krishnamurthy 2005). There is no universally accepted break point for the 
classifications, as indicated by the various shifts of the breaks published in literature, shown in 
Table 1-2.  
 
Table 1-2 – Selections of classifications of REE showing disagreements between category breaks 
Author Light  Medium Heavy 
Kremers (1961) La - Sm Eu - Dy Ho - Lu; Y 
Jackson and Christiansen (1993) La - Gd - Tb - Lu; Y 
Bünzli (2013)a La - Pr Nd - Tb Dy – Lu; Y 
Bünzli (2013)b La - Nd Sm - Gd Dy – Lu; Y 
Bünzli (2013)b La - Nd Sm - Dy Ho – Lu; Y 
Bünzli (2013)c La - Gd  Dy – Lu; Y 
Migaszewski and Gałuszka (2015) La - Nd Sm - Ho Er - Lu; Sc, Y 
Atwood (2013) La - Eu - Gd – Lu; Y 
Taylor and McLennan (1995) La - Sm  Gd - Lu 
McLennan and Taylor (2013)a La - Sm  Gd – Lu; Y 
McLennan and Taylor (2013)a La - Pr Nd - Tb Dy – Lu; Y 
Gupta and Krishnamurthy (2005)c La - Eu   Gd – Lu; Sc, Y 
a Example of break points in geochemistry, sometimes excludes Eu as anomalous 
b Typical break points given by metallurgy and industry 
c Typical breaks in chemistry fields 
 
Geochemists often classify between only LREE and HREE, with no medium overlap, 
which typically includes LREE as La to Eu or Gd, and HREE as Gd or Tb to Lu, together with Y 
(Migaszewski and Gałuszka 2015; Gupta and Krishnamurthy 2005; Bünzli 2013). Sometimes the 
break between LREE and HREE does not include Eu at all, due to the anomalies of that element 
(McLennan and Taylor 2013; Bünzli 2013). Yttrium is consistently included in the HREE group, 
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because of similar chemical properties, and Sc is rarely included in any of the subgroups, due to 
the large property differences between it and the other REE (Bünzli 2013). La to Eu are more 
abundant than the rest of the REE, and so are sometimes a natural break for the LREE (Gupta 
and Krishnamurthy 2005). The classifications are adjusted as newer studies and observations 
indicate evidence of differences and similarities between the physical and chemical properties of 
the groups (US EPA 2012).  
The Oddo-Harkins rule explains patterns in the abundances of elemental concentrations 
on earth, where those with even atomic numbers are found in much greater concentrations than 
those with odd numbers (Migaszewski and Gałuszka 2015; Fedele et al. 2008; US EPA 2012). 
To analyze REE patterns, it is thus useful to use reference data sets for normalization to 
eliminate the great differences in concentration between odd and even elements (Migaszewski 
and Gałuszka 2015; Fedele et al. 2008; US EPA 2012; Rock 1987).  
1.6.1.1 Anthropogenic uses of REE 
REE are used in a wide variety of industries throughout the world, including electronic, 
medicinal, catalytic, synthetic material, and military applications. They are unique in their 
optical, luminescent, magnetic, and conductive properties, due to the sequential electron filling 





Table 1-3 – Industrial uses of REE (compiled from Hirano and Suzuki 1996; Migaszewski and 
Gałuszka 2015; EPA 2012) 
Element Industrial sources 
Scandium (Sc) Cathode-ray tubes, lasers, fluorescent materials, metal alloys for the aerospace industry 
Yttrium (Y) 
Superconductors, lasers, fluorescent materials, catalysts, ceramics, 
temperature sensors, targeting weapon systems, microwave communication 
in satellites 
Lanthanum (La) Superconductors, lighters, catalysts, glass additives, ceramics, batteries, digital cameras, video cameras, x-ray films, lasers 
Cerium (Ce) Lighters, catalysts, glass additives, ceramics, magnets, abrasives, nanotubes, lens polishing, metal alloys 
Praseodymium 
(Pr) 
Magnets, lighters, glass additives, pigments, searchlights, airport signal 
lenses, photographic filters 
Neodymium (Nd) High-power magnets, lighters, lasers, glass additives, magneto-optical materials 
Promethium (Pm) - 
Samarium (Sm) Lighters, high-temperature magnets, electric motors, condensers, nuclear reactor control rods, guidance and control systems, communication devices 
Europium (Eu) 
Fluorescent materials, imaging plates, nuclear reactor control rods, glass 
additives, targeting and weapons systems, communication devices, liquid 
crystal displays (LCDs) 
Gadolinium (Gd) Magnets, glass additives, magnetic resonance imaging (MRI) contrast agents 
Terbium (Tb) Fluorescent materials, magneto-optical materials, guidance and control systems, electric motors 
Dysprosium (Dy) High-power magnets, magneto-optical materials, guidance and control systems, lasers 
Holmium (Ho) Electric materials, highest power magnets known 
Erbium (Er) Glass colorant, lasers 
Thulium (Tm) Fluorescent materials, lasers, high-power magnets 
Ytterbium (Yb) Fiber-optic technology, solar panels, stainless steel alloys, lasers, portable X-ray radiation source, condensers 
Lutetium (Lu) Superconductors, X-ray phosphors 
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Through ore mining for raw materials, REE are known to disperse into the environment 
as acid mine drainage and airborne particles (Fedele et al. 2008). The majority of mineable REE 
reserves are found in China, with significant reserves also found in Russia, the United States, 
Australia, and India. Although China only contains around a third of the world’s known REE 
reserves, it produces about 95% of the world’s REE supply (Long et al. 2012). Because REE are 
rarely found in concentrated form, there is a large quantity (greater than 90 %) of unused, excess 
materials leftover after mining (US EPA 2012). Rarely are REE recycled at the end of the life 
cycle of associated products, and so REE either end up in landfills or elsewhere as waste, 
creating multiple environmental concerns (US EPA 2012). 
Due to recent political issues surrounding the export of REE from China, many advanced 
countries that rely on REE for their technology are dramatically increasing their own exploration 
efforts and production of REE-bearing ore (Van Gosen et al. 2017; McLennan and Taylor 2013). 
This has led to more extensive literature characterizing geological parent rock REE patterns 
regionally as countries search for their own ore sources. 
1.6.1.2 REE distribution in the environment 
The natural sources of REE in soil and sediment usually are derived from geological 
sources, particularly the weathering of bedrock (Migaszewski and Gałuszka 2015). Normalized 
patterns and anomalies for REE can be used to distinguish between anthropogenic and natural 
sources of pollution (Olmez and Gordon 1985; Olmez et al. 1991; Aubert et al. 2002; 
Migaszewski and Gałuszka 2015; Fedele et al. 2008; Zhang and Liu 2004; Guo et al. 2013; Orani 
et al. 2019). Normalization values typically come from mid-ocean ridge basalts (MORB), Post-
Archean Australian Shales (PAAS), or chondritic (CI) meteorites (Taylor and McLennan 1985; 
Pierret et al. 2010; Pourmand, Dauphas, and Ireland 2012; Migaszewski and Gałuszka 2015; 
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Fedele et al. 2008). While chondrite meteorites are often used for studying geochemical 
processes, PAAS are often used for normalizing REE within environmental studies (Taylor and 
McLennan 1985; Pierret et al. 2010; Pourmand, Dauphas, and Ireland 2012; Migaszewski and 
Gałuszka 2015; Fedele et al. 2008). This is because post-Archean shales show similar patterns to 
modern, continental crustal sediments, whereas chondritic values most represent the values of 
bulk earth and cosmic abundances (Taylor and McLennan 1995). REE tend to not partition into 
water during geological processes, so they are ideal candidates for source and process analyses 
within sediments (Taylor and McLennan 1995). 
There are specific Red Sea signatures due to mid-ocean ridge spreading within ocean 
sediments. Wind-blown REE arising from all around the Arabian Shield are likely to deposit in 
this area, as well as inputs from other terrigenous sources. This study will aim to present 
localized REE data and hypothesize potential sources and patterns of contamination in the region 
to assist future research in anthropogenic and natural studies. 
1.7 Methods 
The specific methods for each project are listed separately within their respective 
chapters. A brief overview of major analytical methods is also presented here. The following 
major analytical techniques were used to achieve project objectives: x-ray diffraction (XRD); x-
ray fluorescence (XRF); scanning electron microscopy with energy dispersive spectroscopy 
(SEM-EDS); heavy acid digestions; sequential extraction procedures (SEPs); and inductively 
coupled plasma mass spectrometry (ICP-MS). 
1.7.1 X-ray diffraction 
X-ray diffraction is a method employed for determining mineralogy of a solid sample, 
such as sediment, using X-rays. Peak patterns from known crystalline minerals are documented 
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in literature, and intensity peaks from an unknown sample can be compared to known values. In 
this way, mineralogy of an unknown sample can be determined, if the crystalline phases are 
present in high enough levels. If a sample is amorphous, this can also be seen in XRD as a lack 
of structured peaks.  
1.7.2 X-ray fluorescence (XRF) 
X-ray fluorescence (XRF) is a type of spectroscopy used for identifying the presence of 
atoms of higher atomic numbers within a solid sample and the relative percentages of those 
atoms. XRF analysis is considered qualitative because it provides compares the relative 
percentages of elemental makeup of atoms of higher numbers without allowing for the specific 
quantities, due to not being able to detect lower atomic number elements, which may make up a 
significant portion of a sample (Margui and Van Grieken 2013). XRF is used in this work to 
determine qualitative elemental presence and relative elemental percentages.  
1.7.3 Scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS) 
Scanning electron microscopes (SEM) can be used to produce topographic images of 
solid surfaces at the nanometer range. SEMs are often used in conjunction with x-ray 
spectrometry which can be used to pinpoint elemental composition within the SEM images by 
detecting characteristic x-rays when the sample is excited by a focused electron beam. SEM is a 
non-destructive technique, and it can be used for quantitative elemental analysis for major 
elements to approximately 1%, with low detection limits allowing for minor and trace element 
analysis (Reed 2005). These techniques are used for investigating the surfaces the natural 
samples to find elemental percentages, surface structure, and fundamental mineralogy of 
individual samples. 
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1.7.4 Heavy acid digestions 
A total heavy acid digestion does not necessarily refer to a total digestion of every 
component in the sediment (US EPA 1996; Gaudino et al. 2007). In the area of environmental 
engineering, the interest is on any potentially dangerous trace metals that could release from the 
sediment matrix and become bioavailable to plant and animal life.  The method then aims to 
actually separate the potentially ‘available’ metals from those strongly bound in crystalline 
structures that are unlikely to be ‘unleashed’ in natural conditions (US EPA 1996). Heavy acid 
digestions paired with ICP-MS are used to find total concentrations and isotopic ratios for the 
studies.  
1.7.5 Extraction procedures 
Single-step and multi-step sequential extractions were performed to separate total 
concentrations into easily-removable versus crystalline phases. Sequential extractions use a 
series of steps with various reagents from least aggressive to most aggressive to extract a target 
element or elements in sequence from a solid sample. Tessier, Campbell, and Bisson (1979) 
provide one of the most cited methods of sequential extraction for trace metals, but many more 
variations have been adapted and compared in published works (i.e. Kersten and Förstner 1986; 
Han et al. 2015; Erel et al. 2006; Arey, Seaman, and Bertsch 1999). Single-step extractions are a 
less intensive way to separate extractable concentrations from total concentrations for 
comparison of data (i.e. Quevauviller 2002; Chrastný et al. 2008; Xu et al. 2013). 
1.7.6 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
ICP-MS is an instrumental technique for finding precise elemental concentrations for 
most elements on the periodic table, including isotopic analysis, in aqueous samples. Elemental 
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concentrations and isotopic compositions from heavy acid digestions and single-step extractions 
are determined using ICP-MS. 
1.8 Importance of this work 
These studies impact the fundamental understanding of the speciation, patterns, and 
remediation efforts for specific heavy metals in real-world environmental settings. This can 
influence the need and implementation methods for environmental remediation, enhance the 
understanding of the changes in environmental patterns of certain heavy metals over time, and 
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CHAPTER 2.  CHARACTERIZATION OF GROUNDWATER URANIUM STABILIZATION 
PHASES BY A METASTABLE HYDROXYAPATITE. 
 
This work formed a major portion of the publication: Lammers, L.N., H. Rasmussen, D. 
Adilman, J.L. DeLemos, P. Zeeb, D.G. Larson, and A.N. Quicksall. 2017. “Groundwater 




Groundwater uranium (U) contamination is widespread at sites associated with uranium 
mining and milling, nuclear fuel and energy production, and depleted uranium munitions 
manufacturing.  
Permanent in situ remediation alternatives are of importance because of their cost-
effectiveness and long-term results. This eliminates the need to haul polluted material to be 
disposed of off-site, where it could migrate into other groundwater systems (Bostick 2003). As a 
result of industrial activities, trace metal and radionuclide contamination in groundwater is a 
worldwide issue. This study can serve as evidence for guiding remediation alternatives for other 
sites.  
This study focuses on studying the field scale application of using Apatite II™, a 
commercially available hydroxyapatite (HAP) product, as a remediation technique for 
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immobilizing U in groundwater plumes by precipitating it into low-solubility uranyl phosphate 
minerals.  
The source of the solids for this study was the Nuclear Metals, Inc. (NMI) Superfund Site 
in Concord, Massachusetts, where depleted uranium (DU) penetrators and bullets were once 
manufactured. The waste products of the manufacturing process, including copper and DU 
dissolved into HNO3, had been disposed of into an unlined holding basin on the site between 
1958-1985. When lime was later used to neutralize the acidified waste, DU migrated into 
groundwater plumes beneath the basin, and DU continues to be sourced into the water via 
material sorbed to the soil below and near the site.  
Numerous bench-scale studies have shown that contaminant metals and radionuclides, 
such as Pb, Cd, Zn, Al, Cu, and U, in aqueous form, can be successfully immobilized through 
precipitation into sparingly soluble phosphate minerals (Bostick 2003; Fuller et al. 2002; Fuller, 
Bargar, and Davis 2003; Krestou, Xenidis, and Panias 2004; Wellman et al. 2008; Simon, 
Biermann, and Peplinski 2008). Several low-solubility uranyl phosphates within the meta-
autunite group (e.g. Ksp = 10-49 for autunite ) can be formed by the uranyl (UO22+) ion (Bostick et 
al. 2000). Studies have shown that in oxidizing, apatite-rich environments, the U(VI)-phosphates 
formed via dissolution-precipitation reactions could potentially be stable over long (> 10,000 yr.) 
timescales (Jerden and Sinha 2003). Because the phosphate-induced sequestration of U does not 
rely on local alterations to the redox environment of the groundwater, it shows promise as a 
preferred solution for in situ remediation techniques (Krestou, Xenidis, and Panias 2004). Bench-
scale studies have proposed and studied the direct application of hydroxyapatite to contaminated 
soils, injection of HAP into deep aquifers, or its use as a permeable reactive barrier perpendicular 
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to the flow of migrating contaminant plumes (Wellman et al. 2008; Arey, Seaman, and Bertsch 
1999).  
The three possible reaction mechanisms for removal of aqueous uranium via 
hydroxyapatite includes dissolution-precipitation (Fuller et al. 2002; Fuller, Bargar, and Davis 
2003; Fanizza et al. 2013; Mehta et al. 2014; 2016), surface complexation/sorption (Cheng et al. 
2004; Simon, Biermann, and Peplinski 2008; Mehta et al. 2015), and ion exchange with the Ca2+ 
ion (Simon, Biermann, and Peplinski 2008; Mehta et al. 2015). These reactions can all occur 
concomitantly and will vary in extent depending on conditions such as groundwater chemistry 
and U concentration (Simon, Biermann, and Peplinski 2008). Below a threshold aqueous U 
concentration, the uranyl cation (UO22+) forms ternary inner-sphere complexes at the surface of 
HAP, and above this threshold, chernikovite and later autunite have been shown to form (Fuller 
et al. 2002; Fuller, Bargar, and Davis 2003). Prior to this study, these uranyl phosphate phases 
have been observed to form in laboratory batch studies involving apatite, but only surface U 
complexation by apatite had been observed in materials recovered from the field (Fuller, Bargar, 
and Davis 2003). 
Studies have been done on the efficiency of U removal and retention by several types of 
natural-derived apatites, including bone charcoal (Fuller, Bargar, and Davis 2003), crystalline 
HAP (Fuller et al. 2002; Fuller, Bargar, and Davis 2003; Simon, Biermann, and Peplinski 2008; 
Krestou, Xenidis, and Panias 2004), crystalline fluorapatite (Ohnuki et al. 2004), and Apatite 
II™, a metastable fish bone-derived HAP product, produced by Phosphate Induced Metal 
Stabilization (PIMS) NW, Inc. of Richland, WA (Bostick et al. 2000; Bostick 2003; Conca and 
Wright 2006; Raicevic et al. 2006). Several studies have compared the uptake of uranium by the 
various forms of HAP. The uptake of uranium by bone charcoal has been shown to be over an 
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order of magnitude greater than natural phosphate rock (Fuller, Bargar, and Davis 2003), and the 
uptake by Apatite II™ has been shown to have uptake an order of magnitude greater than even 
that of bone charcoal (Bostick et al. 2000). 
This study assessed the effectiveness of Apatite II™ for U immobilization as part of a 
proof-of-concept study to support the selection of this material as an in situ remediation approach 
in the Record of Decision by the EPA for the NMI Superfund site (US EPA 2015). 
2.2 Materials and Methods 
This study consisted of field deployment of material at the site of contamination and 
subsequent lab analyses on the harvested solid material. 
2.2.1 Field setup 
In-field media tests were performed at the Nuclear Metals, Inc. Superfund site in 
Massachusetts. Two methods were employed to evaluate the reactivity of Apatite II™ using 
passive and accelerated flow conditions.  
For passive tests, Apatite II™ media was packed into permeable mesh columns of 1.25 in 
(3.175 cm) diameter and 12 in (30.48 cm) length, and two columns each were lowered into two 
monitoring wells in the ground of high (1370 µg/L at HBPZ-2R) and low (120 µg/L at MW-S16) 
known U concentrations, subject to ambient flows of contaminated groundwater to mimic natural 
flow conditions (Table 2-1). Columns were not disturbed until retrieval at approximately 30 and 
90-day intervals.  
Accelerated flow tests consisted of water directly pumped ex situ through PVC columns 
packed with Apatite II™ media. The water sources for these columns came from two wells of 
heightened U groundwater contamination: MW-S24 (2740 µg U/L) and MW-8A (336 µg U/L) 
(Table 2-1).  
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Each setup included a smaller volume 1.25 in (3.175 cm) inner-diameter (ID) by 12 in 
(30.48 cm) length (L) column and a larger volume 6 in (15.24 cm) ID by 18 in (45.7 cm) L 
column mounted to a board. Target flow rates ranged from 50 to 150 mL/min for each column, 
and total flow through each system typically did not exceed 150 mL/min. Media compaction led 
to pressure buildup and flow loss in the 1.25 in columns. These columns were removed after 
approximately 30 days of operation. Another MW-S24 smaller volume column was subsequently 
deployed after the first was removed. Sampling ports were placed upstream and downstream of 
each column to facilitate sampling of influent and effluent water, with regular monitoring of U 
uptake (Lammers et al. 2017; Geosyntec Consultants Inc. 2014). 
The Apatite II™ for this study was ground to medium to coarse sand-sized particles by 
the supplier, PIMS™. The resulting particle size distribution is roughly similar to the U-
impacted aquifer sediments. The bulk density of the Apatite II™ used in this study was 0.445 
kg/dm3. The natural groundwater environment at the site is a permeable stratified drift aquifer 
consisting of relatively homogeneous sandy sediment with isolated silty strata underlain by 































 A-1a 0.2413 107.4 25 707 1.91 1.78 
2740 A-1b 0.2413 107.4 49 1125 3.04 2.83 
 A-1c 8.340 3711 96 8086 21.8 0.587 
MW-8A 336 
A-2a 0.2413 107.4 30 595 0.20 0.186 
A-2b 8.340 3711 77 6634 2.21 0.060 
HBPZ-2R 2103 
P-1a 0.4826 214.8 33 35 0.064 0.030 
P-1b 0.4826 214.8 97 103 0.190 0.089 
MW-S16 128 
P-2a 0.4826 214.8 34 1.9 0.00024 0.00011 
P-2b 0.4826 214.8 97 5.5 0.00058 0.00027 
a ‘A’ denotes accelerated flow columns; ‘P’ denotes passive canisters deployed down borehole. 
b Media mass assumes a uniform media density of 0.445 kg/dm3 
c Total flow through the passive canisters is calculated based on the measured hydraulic conductivity and 
hydraulic gradient 
d Total U loading on the columns was calculated by integrating measured U uptake concentrations over 
cumulative flow through the columns. 
 
Following extended deployment times, columns were frozen and shipped to Southern 
Methodist University (SMU) in radiation-safe packing material for solid phase analysis. The 
frozen media canisters were cut open to obtain reacted solid media samples. The active PVC 
canisters were halved lengthwise with a saw to maintain gradation along the length of the 
column.  
Sub-samples of the active media columns were selected by visually identifying zones of 
varying media properties including color and texture (Figure 2-1 and Figure 2-2). Media 
recovered from the passive canisters were divided into 10 equal-sized sub-samples, because there 
were no visible indicators of media alteration that could be used to differentiate zones. All sub-
samples were homogenized, air dried in an enclosed hood, and stored in acid-washed Nalgene 
bottles prior to analysis. 
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Figure 2-1 - A-1a (MW-S24 25-day) canister diagram of media texture and color gradations 
post-deployment, indicating areas of sub-sampling for solid analysis 
 
Figure 2-2 - A-1c (MW-S24 96-day) canister diagram of media texture and color gradations 
post-deployment 
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A sub-set of samples was selected from the accelerated and passive canisters for solids 
characterization. In the accelerated columns, only sub-samples nearest the influent ends were 
used for sequential extractions, because these were exposed to the highest aqueous U 
concentrations. Multiple sub-sections of each column and canister were analyzed using XRD, 
XRF, sequential extractions, and bulk digestions. Active samples were labeled based on the 
range of distance from the inlet of the column in inches and the column ID. Passive samples 
were labeled by column ID and aliquot number. 
2.2.2 Solid Phase Analytical Procedures 
For solids phase analysis, figures and text, the active and passive field columns are 
referred to by their canister ID, as referenced in Table 2-1, and the distance from the inlet, as 
shown in Figure 2-1 and Figure 2-2, where applicable to certain aliquots.  
2.2.2.1 Reagents 
All solutions were prepared using doubly deionized (DDI) at 18 mW resistivity. Trace 
metal grade HCl and HNO3 were used for the heavy acid digestions. Trace metal grade HNO3 
(Fisher Scientific, Pittsburgh, PA) was used to prepare the 5 % HNO3 solution for dilutions, 
calibration standard preparation, and blanks. Glassware and plasticware were cleaned between 
uses by soaking in Liquinox overnight, rinsing, and soaking 24-hours in an enclosed 10 % HNO3 
acid bath made with ACS grade HNO3 (Fisher Scientific). Dishware was then each rinsed 5 
times with nanopure water and air-dried in a covered hood.  
ICP-MS standards were prepared from certified single and multi-elemental solution 
standards purchased from Fisher Scientific. The standards used for creating calibration solutions 
were Multi-element Solution 2A (Ag, Al, As, Ba, Be, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, K, Li, Mg, 
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Mn, Na, Ni, Pb, Rb, Se, Sr, Tl, U, V, Zn at 10 µg/mL in 5 % HNO3) and single-element 
standards of P (10 mg/L in 2 % HNO3) and U (10 mg/L in 2 % HNO3). 
2.2.2.2 X-ray diffraction (XRD) 
X-ray diffraction (XRD) is used to determine mineralogy of a sample. To prepare media 
for XRD analysis, approximately 1 g of each sample aliquot was ground into a fine powder using 
a mechanical oscillating ball grinder.  
Powder XRD data were gathered using a Rigaku Ultima III from 2-70° for all samples 
using a theta/2-theta (2θ) method with a scan interval of 0.01° at 1° per minute. Results were 
analyzed via peak matching using JADE software (Material Data Incorporated; MDI). Peak 
fitting is considered qualitative and only phases making up greater than ~1 weight % (mass of an 
element normalized to the total mass of the sample, wt %) of the total sample are detectable by 
XRD. Peaks are matched based on intensity and angle, as well as proportional height of each 
peak from the highest peak. 
Data was exported to text files as intensity vs. 2θ and imported into Excel for creation of 
graphs for data presentation. To create smoother graphs in Excel and reduce file size, every 10th 
data point was used. Graph lines were stacked to compare different column distances by adding 
appropriate intensities in the y-axis. Known mineral data was compiled from the software and 
literature to show where peaks in the sample aligned with the best-fit mineral ID. 
2.2.2.3 X-ray fluorescence (XRF) 
To determine elemental presence and qualitative percentages, x-ray fluorescence (XRF) 
was used. Sub-sets of sample media chosen for XRF included all active column inlets as well as 
staggered selections from throughout the accelerated and passive columns. Approximately 7 g of 
sample was separated from the larger aliquots to make specialty pellets for running in the 
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instrument. The sample media was ground to a fine powder using a mechanical oscillating ball 
grinder set to a fine grind. 1 g of cellulose binder was then mixed with the sample inside the 
grinder for one minute with one ball. This mixture was then placed into a 29 mm circular 
aluminum mold and pressed into a 3 mm thick pellet using a hand press. In between samples, the 
mechanical grinder was cleaned by grinding coarse sand to a fine powder and then rinsing with 
alcohol. 
Pellets were placed into a cup with an inner diameter of 24 mm and an outer diameter of 
39 mm to run in the instrument. Data collection in vacuum mode was performed using 
OXSAS™ software (Thermo Scientific). UniQuant™ (Thermo Scientific) was used for data 
analysis. Elemental composition was reported by UniQuant™ as wt %, which was then 
converted to “Atomic Weight %” (moles of an element normalized to the total moles of all atoms 
in the sample, at %) with a reporting limit of approximately 1 wt %. XRF is unable to detect 
lighter elements such as carbon, nitrogen, and oxygen, so the reported wt % is normalized by 
UniQuant™ to 100 % without taking these elements into consideration, which could result in 
higher reported concentrations for XRF than may actually be present. 
2.2.2.4 Scanning electron microscopy with energy dispersive x-ray spectroscopy (SEM-EDS) 
Scanning electron microscopy with energy-dispersive x-ray spectroscopy (SEM-EDS) 
was used to image the solid phase media on the micro-scale and evaluate the distribution of 
elements present in the sample.  A sub-set of samples from active field column A-1b were 
analyzed at Southern Methodist University using a Leo (Zeiss) 1450VPSE scanning electron 
microscope in backscatter mode in conjunction with an EDAX Genesis 4000 XMS SYSTEM 60 
energy-dispersive spectrometer.  
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SEM-EDS analyses for the samples from active field columns A-1c and A-2b were 
completed at the University of North Texas’ Center for Advanced Research Technology using an 
FEI Nova 200 Nanolab dual beam high-res SEM in backscatter mode with an EDAX silicon drift 
detector. Imaging was completed with a 30 kV 30 pA ion beam at 52° rotation, normal to the 
axis of column of ion beam.  
The samples were placed on a thin, adhesive carbon film and placed into the SEM 
instrument for analysis. Samples processed in the Leo (Zeiss) 1450VPSE SEM were run uncoated, 
while samples in the FEI Nova 200 Nanolab were sputter coated with platinum to reduce surface 
charging. The images produced by the SEMs could be analyzed for percent elemental composition 
at either a point, rectangular area, or the entire area within that image. Area analysis was useful for 
identifying the overall composition of P, Ca, and U present for the inlet of the active field columns, 
while point analysis was used to identify localized points within a sample that had higher levels 
locally of uranium, phosphorus, or calcium, different from the points around it, to spatially 
pinpoint areas of interest.  The elements which were analyzed were the known elements of Ca, P, 
and U, while oxygen concentrations were calculated as oxides within the sample using atomic 
weight %. The Apatite II™ supplier has indicated that up to 30 wt % of organic material may be 
present, however, this was not accounted for in the SEM weight percent calculations.  Elemental 
concentrations obtained using EDS are considered semi-quantitative.  
Inlet samples (0-1”) from columns A-1c and A-2b were also analyzed using EDS in 
mapping mode, where the instrument scans across each image horizontally and then vertically, 
running 32 times over each area and quantifying the amount of each element present in each pixel 
of the image. The results are expressed by different color hues for each element that were then 
overlaid with the SEM image to show spatial elemental composition within the viewing area. 
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Software available from the National Institute of Health, Image J, was used to overlay the images.  
The A-2b inlet sample was also analyzed in line mode, generating scans over a chosen line of 
interest and producing composition graphs for each element. The elements chosen for analyzing 
in mapping and line modes were Ca, P, and U.  
2.2.2.5 Sequential extraction procedures (SEP) 
Sequential extraction procedures are used in research to extract operational phases in 
sediments in sequence through the use of selective reagents. Various procedures are used in 
literature, but there is no uniformly accepted procedure that gives exact results (Usero et al. 
1998). The Bureau Communautair de Référence (BCR) procedure has been proposed as a 
harmonization of the various available procedures, but only allows for three fractions: acid 
soluble, reducible, and oxidable, and is not specific to any particular element or sediment (Usero 
et al. 1998; Sahuquillo et al. 1999; Rao, Sahuquillo, and Lopez Sanchez 2008). In choosing an 
extraction method, the accuracy of the procedure, quantity of sacrificed sediment, time required 
for the process, and appropriateness to the particular elements and phases of interest in past 
literature are of importance. 
In the accelerated columns, only sub-samples nearest the influent ends were used for 
sequential extractions, because these were exposed to the highest aqueous U concentrations. A 
sub-set of samples was also selected from the passive canisters. The column samples undergoing 
sequential extractions were from P-1b, P-2b, A-1a, A-1b, A-1c, and A-2b. 
For this study, two procedures were developed for sequential extractions. The first 
procedure was based on Ruttenberg (1992), due to the interest in quantifying phosphorus in 
marine sediments in various phases. This procedure required many steps with an intensive 
amount of time and sample manipulation. When compared with total digestion results, it was 
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determined in that there was a significant loss of mass throughout the numerous steps of each 
stage. Because of this, a second procedure was developed and performed based on Tessier, 
Campbell, and Bisson (1979) and Arey, Seaman, and Bertsch (1999). The U totals derived from 
this procedure were compared to those of total digestions to verify that there was very little mass 
loss throughout the extractions. The process for Procedure 1 is included in Appendix A, while 
the second procedure, the results of which are included in this chapter, is presented below.   
An improved process was developed to repeat sequential extractions with more accuracy. 
A three-step sequential extraction procedure (SEP) was adapted from Tessier, Campbell, and 
Bisson (1979) and Arey, Seaman, and Bertsch (1999) to evaluate the stability of media-
sequestered U. Extractions were performed on 0.5 g of media using solutions prepared with 
doubly deionized (DDI) water. The extraction stages and target phases are listed below from 
least to most chemically aggressive.  
Stage 1. Weakly Sorbed/Exchangeable. The sample was extracted at room temperature for 
1 hour with 20 mL of 1 M sodium acetate solution (pH 8.2), continuously rotated.  
Stage 2. Strongly Sorbed/Weak Acid Soluble. The residue from Stage 1 was extracted at 
room temperature with 20 mL of 1 M sodium acetate solution, adjusted to pH 5.0 with 
acetic acid, continuously rotated for 8 hours. 
Stage 3. Recalcitrant. The residue from Stage 2 was digested using reverse aqua regia of 3 
parts concentrated HNO3 to 1 part concentrated HCl. The acid was boiled off at 90 °C 
and more acid added until digestion was complete. The remaining salts were then 
dissolved in 5 % HNO3 for analysis. 
Following the first two stages, samples were centrifuged at 3900 rpm for 10 minutes. 
After extracting the supernatant with a micropipette, all samples were filtered through 0.45 um 
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PTFE filters. The first 2 ml through the filter was discarded, and the remainder was collected for 
analysis. The solid residues of Stages 1 and 2 were rinsed with 8 mL of DDI water and 
centrifuged between stages. The DDI rinse water was then carefully pipetted out and discarded. 
Stage 1 and 2 supernatants were acidified to pH 1 using 5% HNO3 immediately following 
filtration to keep metals in solution. Extractions were run in duplicate when sufficient media was 
available.  
2.2.2.6 Heavy acid digestions 
Heavy acid ‘total’ digestions were performed on several samples from P-1b and A-1c to 
obtain bulk elemental compositions and to compare U loading with SEP results. An initial mass 
of 0.1 g of each sample was placed in 50 mL centrifuge tubes and 10 mL of solution consisting 
of 3 parts concentrated HNO3 to 1 part concentrated HCl was added to each tube. The acid was 
boiled off at 90 °C using a double boiler system and more acid added until digestion was 
complete. The remaining salts were then dissolved in 10 mL of 5 % HNO3 for analysis. 
2.2.2.7 ICP-MS analysis 
Elemental concentrations of Ca, P, and U from SEPs and total digestions were measured 
using a Thermo X Series 2 inductively coupled plasma-mass spectrometer (ICP-MS) in collision 
cell mode with kinetic energy dispersion (CCT-KED).  
Calibration standards generally ranged from 0.05 µg/L to 200 µg/L and were prepared in 
5 % HNO3 from certified single-element standards. A 5 % HNO3 blank was also analyzed every 
10 samples for quality control. Trace metal grade HNO3 (Fisher Scientific, Pittsburgh, PA) was 
used to prepare the 5 % HNO3 solution for dilutions, calibration standard preparation, and 
blanks. Elemental detection limits were determined by 3 standard deviations of the blank 
concentration for a given element, which amounts to 0.2 µg/L for U, 48 µg/L for Ca, and 19 
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µg/L for P. Total uncertainties on the extracted concentrations of Ca, P and U are approximately 
10 %. The measured average U blank on raw Apatite II™ media was 8 mg/kg. 
Prior to analysis, an aliquot of each sample was diluted appropriately with 5 % HNO3, 
dependent on initial analyte concentrations. High, medium, and low dilutions were used to 
capture the wide array of concentrations for U, P, and Ca. 
2.3 Results and Discussion 
The results from solid phase analyses and correlated aqueous results are presented in the 
following sections for the passive and active field media tests. The analytical results include 
estimates of the degree of U loading on passive and active media and the characterization of 
crystalline sequestration phases compared to weakly bound phases. The solid phase results 
strongly suggest a shift in mineralogy to crystalline meta-autunite phases when subject to 
significant U loading. Results from the active media tests strongly indicate that DU is effectively 
sequestered by U-P mineral precipitation. The total amount of U uptake within a given column 
depended on the aqueous U concentration of the influent and total flow of groundwater through 
the column. Because passive columns were subject to slower flows and lower loadings, the 
results were not as conclusive as those of the active tests. 
2.3.1 Solid Phase Results – Passive Canisters 
Representative samples from the four passive canisters underwent solid phase analyses, 
including XRF, XRD, SEPs, and total digestions.  
Bulk U was measured by XRF on P-1a and P-1b media. The solid phase U concentration 
was below detection in the P-1a media. For the 97-day deployed column, P-1b, XRF analysis 
detected 0.0534 wt %, with a standard error of 0.005 % (Table 2-2). 
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XRF results from P-2a and P-2b indicated that total solid phase U concentrations did not 
exceed the XRF detection limit of approximately 10 mg/kg (Table 2-2). This result is not 
surprising, given the U concentrations at the second site (MW-S16) were significantly lower than 
those of P-1a and P-1b (HPBZ-2R) (Table 2-1). 
As previously mentioned, XRF cannot detect lighter elements such as carbon, nitrogen, 
and oxygen, so reported wt % is normalized by UniQuant™ to 100 % without taking these 
elements into consideration. This could result in higher reported concentrations for XRF than 
may actually be present. In this way, XRF serves as a qualitative, rather than quantitative, 
approach for determining relative differences in U loading. 
 
Table 2-2 - XRF results for passive media 
Element 
Raw 
media P-1a P-1b P-2a P-2b 
wt % wt % Std. err. % wt % 
Std. 
err. % wt % 
Std. 
err. % wt % 
Std. 
err. % 
Ca 72.83 72.09 0.220 76.34 0.210 74.84 0.220 72.22 0.220 
P 23.61 24.48 0.210 20.82 0.200 22 0.210 25.53 0.220 
U nd nd nd 0.0534 0.005 nd nd nd nd 
 
Results of XRD on passive media canister samples are shown in Figure 2-3. The 
observed XRD patterns closely resemble the background Apatite II™ media, and there is no 
indication that uranyl phosphate mineral phases are present. The maximum U loading of 0.0885 
wt % expected on any of the four passive canisters (Table 2-1) is well below the XRD detection 
threshold. The potential for uranyl phosphate mineral formation in the Apatite II™ media was 
assessed instead using the active columns as proxies for extended media deployment under a 




Sequential extraction results indicate that the U sequestered in situ was strongly bound to 
the Apatite II™ media. The U associated with the ion exchangeable and weak acid 
soluble/strongly sorbed fractions (SEP stages 1-2) did not exceed 0.27 mg/kg and 0.67 mg/kg, 
respectively (Table 2-3). The vast majority of U was associated with the recalcitrant fraction 
(corresponding to SEP stage 3), with over 98 % of U bound in the recalcitrant fraction for the 





Figure 2-3 - XRD results of passive canister samples, indicating hydroxyapatite peaks. U 
loading was not yet high enough in the media samples to register at least 1 % in XRD for any 
minerals other than hydroxyapatite, in confirmation with results of other analyses 
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1 0.01 0.08 0.00 0.07 6.86 99.85 6.87 




1 0.27 0.55 0.63 1.30 47.76 98.16 48.65 
2 0.04 0.07 0.67 1.24 53.11 98.69 53.81 
MW-S16 
(P-2b) 1 0.00 0.00 0.07 0.36 18.50 99.64 18.57 
 
a Weakly sorbed/exchangeable ion fraction extracted using NaOAc (pH 8.2). 
b Strongly sorbed/weak acid soluble fraction extracted using NaOAc with HOAc (pH 5). 
c Recalcitrant fraction extracted using reverse aqua regia on remaining material. 
 
Total digestions on the passive column P-1b corroborated the total levels of U determined 
from sequential extractions, indicating a similar total loading of U between 56.5 – 78.3 mg/kg on 
the highest expected loaded HBPZ-2R (P-1b) column (Table 2-4). The P-1b levels for sequential 
extraction ranged from 48.65 – 53.81 mg/kg, indicating a minor amount of mass loss during the 








Table 2-4 - Total digestion results for passive canister of highest expected U loading 
Media and replicate mg P/kg solid mg Ca/kg solid mg U/kg solid 
Raw Apatite II™ 
media 
1 63,570 193,500 31.3 
2 83,700 213,900 3.1 
HPBZ-2R P-1b 
1 76,900 212,100 78.3 
2 75,620 209,700 59.4 
3 80,320 254,000 56.5 
4 82,120 227,500 70.7 
 
The sequential extraction data indicates that the solid-associated U for the passive 
canisters is strongly bound as surface complexes, as secondary U-P mineral phases, or as a 
combination of the two in crystalline form. Because the loading was not high enough to register 
distinct mineral phases via XRD, the potential for uranyl phosphate mineral formation driven by 
groundwater reaction with Apatite II™ was assessed instead using ex-situ accelerated flow 
columns as proxies for extended material deployment under a passive groundwater gradient. 
2.3.2 Solid Phase Results - Active Column Test  
Solid phase analyses of active column media demonstrate that significant amounts of 
uranyl phosphate minerals formed close to the influent end of the columns, where aqueous 
uranium concentrations were highest. Column-averaged uranium loadings were calculated based 
on the total flow through the column and average influent and effluent uranium concentrations. 
The column with the greatest total accumulation of uranium is A-1c with an estimated total 
uranium mass exceeding 21 g over 96 days, followed by column A-1b from the same site, which 
had the expected U loading of 3 g (Table 2-1). Because A-1b was significantly smaller in media 
 55 
volume than A-1c, 0.24 L and 8.3 L, respectively, this corresponds to 2.83 wt % and 0.587 wt % 
loading. 
2.3.2.1 XRF Results  
Results of XRF analyses of solid media uranium concentrations for the active and passive 
field columns found the highest concentration of uranium of 251,300 mg/kg (25.13 wt %) at the 
inlet of the A-1b active column (Table 2-5). The same column contained 1,790 mg/kg of 
uranium at the outlet, indicating that the vast majority of uranium is being sequestered near the 
inlet. The A-1c column had a loading of 146,500 mg/kg (14.65 wt %) at the inlet. Column A-2b 
had an inlet concentration of 19,800 mg/kg (1.98 wt %). These data indicate that almost all of the 
uranium is being sequestered in the inlets of the active columns, with very little U migration 
beyond the inlet.  
Calcium in the raw apatite and the passive columns was found to have an average of 74 
wt % using XRF, while the levels were much lower in the highly loaded A-1b and A-1c 
accelerated flow columns at 51 wt % and 60 wt %, respectively. This signifies that where 
uranium concentrations are high, calcium content is lowered, reinforcing other data showing that 








Table 2-5 - XRF results for selected accelerated flow column media. 
Element 
Raw 






























Ca 72.83 50.57 66.17 70.78 71.82 72.48 59.85 69.23 69.94 71.38 72.29 
P 23.61 19.63 23.85 24.93 24.63 24.92 22.12 26.14 26.92 26.31 25.48 
U nd 25.13 6.75 1.55 0.43 0.18 14.65 1.98 0.88 0.12 nd 
Notes: Standard error percentages for Ca, P, and U ranged from 0.220 - 0.240, 0.200 - 0.240, and 0.005 - 
0.220, respectively; nd = not detected; Distances shown are from influent port; wt % = weight percent 
 
2.3.2.2 XRD Results 
XRD results from inlet samples of four active columns (A-1a, A-1b, A-1c, and A-2b) all 
show peaks that very closely match peaks associated with the uranyl phosphate mineral 
chernikovite (Figure 2-4).  
Figure 2-4 – XRD results for accelerated flow column inlet samples. The samples from MW-S24 
columns all show clear peaks indicating the presence of chernikovite. The other active column 
well resembles that of the raw media, indicating that the loading is likely not high enough to 
show the presence of another mineral. 
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For media up to 4” from the influent ends of both the A-1b and A-1c active columns, 
XRD results indicate that chernikovite has formed (Figure 2-5). Intensities of the uranyl 
phosphate phase peaks decreased to below detection towards the effluent ports. Media up to 3” 
from the MW-S24 A-1a active column inlet strongly matched peaks associated with the uranyl 
phosphate chernikovite in XRD, while the outlet closely matched hydroxyapatite (Figure 2-5). 
Media near the outlet of the columns had significantly lower concentrations of uranium, as 
determined by XRF (Table 2-5), and uranyl phosphate minerals were not detected in XRD 
(Figure 2-5).  
  
  
Figure 2-5 - XRD results for accelerated columns along transects parallel to groundwater flow, 
shown by distance from inlet port of the column. Results are stacked for clarity by addition of 
unitless intensity. Column A-1a is in the top left panel; A-1b in the top right; A-1c in the bottom 
left, and A-2b in the bottom right. The lowest line in each graph represents the inlet of the 
column and move towards the outlet as the stacked lines move upwards. The top line represents 
the raw Apatite II.  
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2.3.2.3 SEM-EDS Results  
The distribution of uranium on the media at the micro-scale was investigated using SEM-
EDS. Point analysis, area analysis, and mapping and line analysis were performed using EDS. As 
discussed in the methods, the elemental percentages reported are semi-quantitative and take into 
account the known elements of P, Ca, and U within the sample; oxygen levels were calculated 
based on atomic ratios of oxides. Areas of analysis were chosen randomly within the sample, and 
areas of interest within the image were chosen based on changes in texture or differences in 
brightness. Brighter spots in SEM-EDS can indicate the presence of heavy elements, such as 
uranium.  
For A-1b column samples, both area and point analyses were used to gather average 
elemental percentage data within the imaged area of the sample. Point analyses were performed 
on particularly bright spots, where possible, to obtain information on local uranium enrichment. 
In general, SEM images obtained near the influent end (0-1” from the inlet) of the A-1b column 
were overall much brighter than those at the outlet, indicating higher abundances of heavy 
elements (Figure 2-6). Elevated U concentrations were observed near the column inlet, and only 
very small spots of uranium were visible towards the column outlet (Figure 2-6). The highest 
level of uranium at 72 wt % was found at a point very near to the column inlet (Figure 2-6a). 
Area analysis of an outlet media sample (representing 7.7 – 10” from the inlet) showed 0 
wt % uranium overall; however, EDS results from a small bright point within the image gave 
elevated levels of uranium at almost 45 wt % compared with phosphorus and calcium levels 
(Figure 2-6b). These results indicate that uranium-rich mineral grains can also be found near the 
column outlet, albeit at low concentrations, suggesting that uranium is either precipitating where 
 59 
overall uranium loadings are low (< 1 wt %) or being transported as small uranium-rich particles 
to the effluent end of the column. In either case, the very low total uranium concentration in the 




Figure 2-6 - SEM-EDS images of representative samples from the A-1b inlet (a) and outlet (b). 
The bright areas indicate presence of a heavy element, such as uranium. An area analysis from 
the inlet (a), represented by the red square, showed high levels of uranium. A point analysis of 
the outlet performed on a local bright spot indicates high levels of U. There is a clear difference 
in abundance of heavy metals at the inlet vs. the outlet by the decline in brightness. Percentages 
shown take into account the elements of Ca, P, U, and O only. Wt % = weight percent and at % 
refers to atomic percentages. 
 
A point of rough surface texture within the SEM image of the A-2b 0-1” sample 
contained a uranium content of 64 wt %, compared with calcium levels of 5 wt %, phosphorus 
levels of 7 wt %, and oxygen levels of 24 at % (Figure 2-7). This corresponds to 11 at % of 
phosphorus and 13 at % of uranium, which is also roughly a one-to-one ratio at that point. The 
surface area beneath this point sample was also a rough cauliflower shape, indicating a similar 
surface roughness to the MW-S24 96-day sample associated with areas of high uranium content 
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(Figure 2-7). Another point sample was also taken within the sample where the surface was 
smooth, which showed uranium levels of 1 wt %, phosphorus of 11 wt %, calcium of 30 wt %, 
and oxygen of 59 wt % (Figure 2-7). This most likely indicates that the smooth area of the 
sample is mostly hydroxyapatite with low uranium content, while the rough surface areas may 
signify micro-crystalline aggregates of the uranyl phosphate mineral chernikovite. 
 
 
Figure 2-7 - SEM-EDS analyses on A-2b active column inlet sample, comparing results of a 
bright spot versus a darker spot on the image 
 
Mapping analysis was performed on the inlet samples from the A-1c and A-2b columns 
to show where elemental concentrations were spatially located within the image. This is similar 
to taking point samples along the entire image, where the software obtains the number of hits on 
a certain element by creating a colored map of the area that can be overlain with the SEM image 
itself. The brightness of the color on each map corresponds to the relative amount of the element 
within the sample. The maps show calcium in blue, phosphorus in red, and uranium in green 
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(Figure 2-8). The uranium is mostly sequestered along the rough surfaces of the images, while 
calcium is present as the smooth areas and is absent where the uranium is most concentrated.  
Mapping analysis was also performed for the A-1c sample, which also showed uranium 
sequestered within the rough, cauliflower-like surface that was present over the majority of the 
image (Figure 2-8b). Calcium was found in the smoother areas wherever uranium was not highly 
concentrated, and phosphorus was shown roughly across the entire image, concurrent with the 
uranium. Both maps reinforce other data analysis results that crystalline meta-autunite uranyl 
phosphate phases are most likely forming, evidenced by the presence of a distinctly rough, 
crystalline surface texture and absence of calcium where uranium is most highly concentrated. 
 
  
Figure 2-8 - SEM maps of inlet areas of accelerated flow samples A-2b (left) and A-1c (right). 
Images were produced in mapping mode, in which each pixel is scanned 32 times to produce a 
spatial map of elements defined by colored pixels. Here red signifies phosphorus, blue is 
calcium, and green is uranium.   
 
A line segment analysis was also conducted across the length of the image and the results 
are presented on a graph that shows the relative amounts of calcium, phosphorus, and uranium 
within the image (Figure 2-9). Where U is elevated, Ca is depleted in an almost mirror-like 1:1 
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ratio. These results provide further evidence that the rough areas contain high uranium with 




Solid phase analysis on the active column field media all suggest that uranium and 
phosphorus are forming the crystalline meta-autunite uranyl phosphate phase chernikovite and 
releasing calcium, with very high uranium content concentrated at the inlets and decreasing 
further down the columns. This agrees with other data on mass balance and shows that all U is 
sequestered within the media with most being retained in crystalline phases directly at the inlet. 
2.3.2.4 Sequential extraction results 
Sequential extraction results indicate that the U sequestered in situ was strongly bound to 
the Apatite II™ media. The U associated with the ion exchangeable and weak acid 
Figure 2-9 - SEM-EDS line analysis on an inlet sample from active column A-2b.  
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soluble/strongly sorbed fractions (SEP Stages 1-2) for the active flow columns did not exceed 
5.21 mg/kg (0.01 % of total U loading) and 125.7 mg/kg (0.22 % of total U), respectively (Table 
2-6). The vast majority of U, over 99 %, was associated with the recalcitrant fraction (SEP stage 
3) for all active flow columns (Table 2-6). It can be concluded that the solid-associated U is 
strongly bound as surface complexes, as secondary U-P mineral phases, or as a combination of 
the two. 
 



























1 0.01 0.08 0.00 0.07 6.86 99.85 6.87 
2 0.00 0.00 0.00 0.01 9.19 99.99 9.19 
MW-S24 
(A-1a) 0-0.5” 
1 1.74 0.00 27.53 0.07 57390 99.78 57520 
2 1.92 0.00 99.52 0.24 39250 99.93 39280 
MW-S24 
(A-1b)  0-1.0” 1 2.27 0.00 125.7 0.22 41360 99.76 41460 
MW-S24 
(A-1c) 0-1.0” 
1 1.03 0.00 22.70 0.06 37640 99.94 37660 
2 5.21 0.01 21.91 0.05 41190 99.93 41220 
MW-8A 
(A-2b) 0-1.0”  
1 0.64 0.01 6.59 0.14 4822 99.85 4829 
2 0.72 0.01 12.09 0.14 8766 99.85 8778 
a Sub-sample indicates column sample region as distance from the groundwater inlet. 
b Weakly sorbed/exchangeable ion fraction extracted using NaOAc (pH 8.2). 
c Strongly sorbed/weak acid soluble fraction extracted using NaOAc with HOAc (pH 5). 
d Recalcitrant fraction extracted using reverse aqua regia on remaining material. 
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2.3.2.5 Total digestions 
Total digestions were performed on selected samples of passive (results previously 
shown in Table 2-3) and active (Table 2-7) flow samples, as well as raw Apatite II™ material, to 
verify the summations of the sequential extractions. Because of the heterogeneity of samples, 
replicates were performed. On the active column A-1c, U loadings were as high as 53,030 mg 
U/kg media (Table 2-7). This is similar to the maximum total U of 57,520 mg/kg (Table 2-6) in 
this same column summed for all sequential extraction stages, confirming the results of the SEP 
procedure. 
 
Table 2-7 - Results of total solid digestions in reverse aqua regia for validation of total sequential 
extraction results. 
Media and Sample mg P/kg solid mg Ca/kg solid mg U/kg solid 
Raw Apatite II™ media 
1 63,570 193,500 31.3 
2 83,700 213,900 3.1 
A-1c  
(0-1.0”) 
1 84,680 230,100 53,030 
2 98,840 269,800 38,700 
 
2.3.3 Aqueous results 
Aqueous results augmented the findings from the solid phase analyses by indicating the 
sequestration of uranium by mass balance between the influent and effluent. Results for passive 
and active columns are presented here. 
2.3.3.1 Passive column 
The total estimated flow through the passive canisters deployed for 97 days was 103 L at 
column P-1b and 5.5 L at P-2b (Table 2-1). Assuming all groundwater uranium passing through 
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the media canisters was immobilized, the total U loading on the P-1 canisters could be as high as 
64 mg after 33 days and 190 mg after 97 days, and the total U loading on the P-2 canisters could 
be as high as only 0.2 mg after 34 days and just 0.6 mg after 97 days (Table 2-1).  
These calculations suggest that the maximum solids concentration of uranium on passive 
canister media could be up to 890 mg/kg for the longer 97-day deployment at the higher 
concentration passive well. 
2.3.3.2 Active Canister  
Analyses of influent and effluent chemistry indicate that uranium is removed very 
effectively by Apatite II™. Uranium removal efficiency was determined by calculating the 
percent difference in uranium concentration between the raw groundwater fed into the column 
influent and the column effluent for both the smaller and larger sized columns. Influent and 
effluent compositions and calculations are presented in Table 2-8 & Table 2-9. In both active 
systems, MW-S24 (A-1a, A-1b, A-1c) and MW-8A (A-2a, A-2b) respectively, measurements of 
effluent composition were made on the 1.25” column for the first several weeks and on the 6” 
columns thereafter.  
Average uranium removal was 99.6 % at MW-S24 and 98.8 % at MW-8A. Average 
uranium concentrations in the effluent of MW-S24 and MW-8A were 8.4 and 5.2 μg/L, 
compared with average influent concentrations of 3,048 and 330.6 μg/L, respectively. On 
average, over 99 % of U introduced to the columns was sequestered (Table 2-8 and Table 2-9).  
Concentrations of Ca and P were also measured in the influent and effluent of the 
columns. There was a large increase in calcium in the effluents and a very slight increase in 
phosphorus. This indicates dissolution of the column media (Table 2-8 and Table 2-9).  
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Influent 25900 5900 0.09 - - 
Effluent 37800 1.420 6.35     
5 
Influent 22200 2920 na 
-2907.7 -99.58 
Effluent 32200 12.30 na 
7 
Influent 23500 3120 0.14 
-3085.8 -98.90 
Effluent 30200 34.20 4.33 
28 
Influent 22400 2570 0.02 
-2558.8 -99.56 
Effluent 33700 11.20 3.90 
37 
Influent 21900 2190 na 
-2186.9 -99.86 
Effluent 46100 3.110 na 
56 
Influent 23900 3050 na 
-3048.6 -99.95 
Effluent 44800 1.380 3.90 
71 
Influent 20500 2180 0.0219*J 
-2177.6 -99.89 
Effluent 42500 2.390 7.73* 
96 
Influent 23100 2450 0.15 
-2449.2 -99.97 
Effluent 40100 0.848 7.45 
Average Influent 22925 3048 0.083 -2630.7   -99.67 
Average Effluent 38425 8.356 5.610 
Notes:       
Ca = Calcium      
U = Uranium       
P = Phosphorus      
na = not analyzed      





Table 2-9 - MW-8A (A-2a, A-2b) Aqueous data 
Time 






Influent 16600 513.0 ND (0.017) 
-511.63 -99.7 
Effluent 24100 1.4 4.53 
1 
Influent 16600 511.0 0.04 
-510.10 -99.8 
Effluent 23900 0.9 4.97 
2 
Influent 17500 103.0 na 
-101.97 -99.0 
Effluent 31900 1.0 na 
7 
Influent 16100 278.0 ND (0.017) 
-272.36 -98.0 
Effluent 26700 5.6 4.45 
21 
Influent 17100 266.0 ND (0.017) 
-264.10 -99.3 
Influent 16400 235.0 na 
Effluent 28300 2.5 4.93 
Effluent 26600 1.9 - 
29 
Influent 17200 266.0 na 
-262.15 -98.6 Effluent 1.25" 45700 20.1 na 
Effluent 6" 54700 3.9 na 
44 
Influent 18100 247.0 na 
-240.10 -97.2 
Effluent 42000 6.9 na 
59 
Influent 17300 503.0 ND (0.017) 
-498.25 -99.1 Influent Duplicate 17600 384.0 na 
Effluent 33900 4.8 6.86* 
Average Influent 17050 330.6 0.036 -332.58 -98.83 Average Effluent 33780 5.232 5.148 
Notes:       
Ca = Calcium      
U = Uranium       
P = Phosphorus      
na = not analyzed      
ND(1) = data qualifier indicating analyte was not detected at a detection limit of 1 in the 




These test results indicate that Apatite II™ media can effectively sequester aqueous 
uranium from groundwater, leading to the formation of stable uranyl phosphate minerals.  
Substantial loading of U on the Apatite II™ media during accelerated-flow field tests resulted in 
greater than 99 % aqueous U removal.  Total U loading on media from the active column field test 
indicate that the Apatite II™ media can sequester greater than 30 wt % U through the formation 
of a separate uranyl phosphate mineral phase, and that the kinetics of uranium uptake are fast 
enough that no breakthrough was observed even under extreme U loading conditions for over 90 
days.  The presence of the uranyl phosphate mineral chernikovite was clearly observed by XRD 
on the active column media.  
Apatite II™ media deployed into groundwater wells under a passive (ambient) 
groundwater flow gradient was also shown to effectively sequester uranium.  Total U 
concentrations on the passive canister media were consistent with the expected loading.  No uranyl 
phosphate minerals were observed in the passive column media using XRD, because the total 
amount of U retained by the column was less than the amount necessary for detection by this 
method.  However, U loading was detected by XRF, and the SEP results clearly demonstrate that 
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CHAPTER 3.  TEMPORALLY RESOLVED LEAD SOURCING VIA ISOTOPIC ANALYSIS 
ALONG THE JEDDAH, SAUDI ARABIAN COAST 
 
To be submitted to Environmental Science and Technology for publication in May 2021. 
 
3.1 Introduction 
Lead (Pb) pollution is a persistent, critical issue affecting human and ecological health 
worldwide. The exponential population growth and move towards urbanization over the last 
century has greatly influenced the spread of Pb in the environment from various sources, such as 
industrial, energy, and transportation sectors along with increased dust loads from disturbance of 
natural systems. The persistence and bioaccumulation of Pb within the environment, combined 
with its toxic effects, makes it a major hazard to human and ecological health. It has systemic 
effects on the human body, affecting nearly every bodily function, with the most adverse effects 
acting on the nervous system (Wani, Ara, and Usmani 2015; Gidlow 2004; Patrick 2006). 
Identifying sources of Pb inputs into the environment is a key scientific issue important for 
maintaining human and ecosystem health. Clean air, water, and soil are the most critical 
resources of all, and even low levels of Pb entering these systems can be detrimental to public 
health (Wani, Ara, and Usmani 2015). Information on pollution threats in the environment can 
influence public health considerations, such as decision-making on environmental regulations, 
best practices for industries, remediation techniques, and pollution control methods.  
This study focuses on a region of high interest, the Red Sea off the coast of Jeddah, Saudi 
Arabia. The area lacks environmental Pb sourcing data, of importance because industrialization 
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and urbanization of the Jeddah coast has exponentially increased over recent decades, with 
leaded gasoline only phased out in the Kingdom of Saudi Arabia around the year 2001 (Atalla, 
Gasim, and Hunt 2018; Hamid 2001; Shaik, Sultana, and Alsaeed 2014). This study employs the 
analysis of sediment cores as records of Pb concentrations and isotopic ratios to characterize 
sources of Pb pollution on the eastern coast of Saudi Arabia near Jeddah. 
3.1.1 Background on Pb isotopes for environmental sourcing  
Analysis of sediment cores from water bodies serve as a useful tool in environmental 
studies for studying the fate and transport of Pb in the environment over time (i.e. Xu and Gao 
2020; Keinonen 1992; Palchan et al. 2018; Al-Mur, Quicksall, and Al-Ansari 2017; Orani et al. 
2019; Mengli Chen et al. 2016). The concentrations of Pb in sediment cores paired with Pb 
isotopic data can serve as a proxy for estimating the total concentrations of Pb in aerosolized and 
suspended particulate matter (Erel, Veron, and Halicz 1997; Chien et al. 2019). Because cores 
are depth-resolved, the analysis data can be used to identify changes of pollution over time, as 
opposed to a single shallow grab sample. One way to back out pollutant sourcing is through the 
use of Pb isotopic signatures (Erel, Veron, and Halicz 1997; Komárek et al. 2008). Both 
anthropogenic pollutants and natural, geological sources of lead have unique regional isotopic Pb 
ratios. Ample published data is available on Pb isotopes in geological formations, and 
anthropogenic signatures of pollutants such as gasoline, ore, and fly ash have been studied 
(Komárek et al. 2008). Even after processing and use, signatures of sources such as gasoline 
maintain their initial signature (Monna et al. 2006). Weathered rocks have evolved Pb signatures 
based on the initial uranium and thorium values in the parent rock, which can be used to identify 
distinct sources (Morton-Bermea et al. 2011; Komárek et al. 2008). The non-radiogenically 
derived 204Pb maintains its original abundance, while the other radiogenic isotopes increase over 
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time, making it very useful as a normalizing value (Monna et al. 1997; Sutherland, Day, and 
Bussen 2003). Qualitative and quantitative source apportionment can be developed by the 
comparison of the samples’ Pb isotopic signatures with isotopic source data.  
3.1.2 Background on the Red Sea region 
The Red Sea is a semi-enclosed basin, with research showing that there is little mixing 
and exchange of sediments between it and its surrounding water bodies, the Gulf of Aqaba and 
the Gulf of Aden (Chow 1968). Mid-ocean ridge basalts (MORB) within the Red Sea are 
constantly being erupted and creating new crustal material, and numerous studies have 
characterized the Pb isotopic signature of the raw basalts (Volker, McCulloch, and Altherr 1993; 
Dupré et al. 1988; Altherr, Henjes-Kunst, and Baumann 1990). Many studies have hypothesized 
that the vast majority of source material in the Red Sea comes from aerosol transport of dust or 
terrigenous runoff of the surrounding drainage area from flooding, rather than weathering and 
spread of MORB (Palchan et al. 2013; 2018; Dupré et al. 1988; Chow 1968; Langodan et al. 
2018). The transport of these dusts through aerosolization or runoff can then transport Pb into the 
Red Sea coastal region, and aeolian deposition of lead is known as a main contributor of Pb into 
oceans (Erel, Veron, and Halicz 1997; Véron et al. 1994).  The Arabian Peninsula is one of the 
major sources of dust in the Middle East and can contribute to the transport of dust particles 
around the world (Rezazadeh, Irannejad, and Shao 2013; Alghamdi et al. 2015; Palchan et al. 
2013). Vegetation is sparse in the Arabian Desert region, and with low moisture in the soil, fine 
particles can be easily transported by wind. Dust storms from the Arabian Peninsula deposit an 
estimated > 3000 mg/m3 per year of dust into Saudi Arabia (Rezazadeh, Irannejad, and Shao 
2013). Prakash et al. (2016) estimates up to 6 Mt of mineral dust is deposited into the Red Sea 
off the coast of Saudi Arabia each year from major dust storms.  
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The fate and transport of dust particles is based on their shape and diameter combined 
with the prevailing climate systems. Air masses blow towards the Gulf of Aqaba in the Red Sea 
region from continental Europe across the Mediterranean Sea (Palchan et al. 2013; Langodan et 
al. 2018). During the winter and spring, air masses arrive from the Saharan Desert, Arabian 
Peninsula, and other local sources, all of which may contain high loads of windblown fine 
particulate matter, including trace metals such as lead (Chien et al. 2019). Figure 3-1 presents an 
overview of the major wind systems of the Red Sea. The seasonal wind systems change direction 
based on the Indian and African monsoon seasons, while other wind systems blow year round 
due to the solar heating of the surrounding desert and the trough shape of the Red Sea (Palchan et 
al. 2013; Langodan et al. 2018; Erel et al. 2006).  
Rainstorms are infrequent, but when they occur, the runoff from the high clay soils often 
leads to flash floods, which can deposit fine fractions of silt and clay particles onto the coastal 
plain (Prakash et al. 2016). These particles can then become aerosolized and form fine particulate 




Figure 3-1 – Diagram of dominant wind systems of the Red Sea. The area of this study is circled 
in red. Winds on the diagrams are labeled by letters, as follows: A – a year-round wind system 
that stretches from the north to the south of the Red Sea; B - year-round winds from valleys 
across the northern Arabian Peninsula; C - high winds generated by the Tokar Gap wind from the 
African coast during summer monsoon season; D - winds associated with the Indian monsoon 
season (winter); E - Red Sea trough winds; F – winds from Mediterranean cyclones (Sources of 
wind directions are A, B, C, D - Langodan et al. 2018; D, F - Palchan et al. 2013; E, F -  Palchan 
et al. 2018) Map imagery adapted from OpenStreetMap overlain by terrain imagery from ESRI. 
 
Beyond natural geological influences, it is likely that there is a significant anthropogenic 
Pb contribution to Red Sea sediments. Leaded and unleaded gasoline, coal fly ash, industrial 
emissions, and purposeful wastewater discharge can often contribute substantial Pb to the 
surrounding environment. Gasoline signatures are well-characterized in literature for European, 
North American, and Southeast Asian countries, but not for the Saudi Arabian region (i.e. Bi et 
al. 2017; Veh et al. 1999; Kersten et al. 1997; Del Rio-Salas et al. 2012; Graney et al. 1995). 
However, the Pb for these industries often utilizes ore from other regions. The Pb isotopic ratios 
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from highly-utilized raw ores have been studied extensively and are distinctly different from one 
another by source and region, such as ores from China, Australia, Canada, South African and the 
United States (Bi et al. 2017; Doe and Delevaux 1972; Ostic, Russell, and Stanton 1967). This 
can be used to interpret anthropogenic inputs in gasoline by the ore used for additives. The 
geological sources of the Red Sea, Saudi Arabia, and neighboring areas along with their 
208Pb/204Pb vs. 206Pb/204Pb signatures, as compiled from scientific literature, are represented in 
Figure 3-2 and cited in Table 3-1. Gasoline and ore sources from around the world are included 
on the figure, since Pb ore is often imported and maintains the signature of its original source, 
while geological sources are mostly limited to region surrounding the Red Sea, including the 





Figure 3-2 - A visual representation of Pb isotopic signatures for major sources of Pb in the 
environment, with geological sources focused on regions around the Red Sea. Anthropogenic 
sources from worldwide regions are included, because ore for industrial and transportation uses 
are often imported and maintain their original Pb isotopic signature. Table 3-1 provides the 






Table 3-1 – Descriptions and citations of anthropogenic and natural Pb sources  
Number  Description of source 
1 Australian (Captain's Flat, NSW) ore (Doe and Stacey 1974, from Ostic, Russell, and Stanton 1967) 
2 Other Australian ores (Doe and Stacey 1974)  
3 French and German gasoline  (Monna et al. 1997; Erel, Veron, and Halicz 1997) 
4 Canadian (Ontario) ore (Doe and Stacey 1974) 
5 USA (Missouri) ore (Doe and Delevaux 1972) 
6 UK leaded gasoline (Monna et al. 1997) 
7 South African ore (Doe and Stacey 1974)  
8 Taiwanese gasoline (Yao et al. 2015) 
9 Chinese ore (Fankou mine) (B. Zhu, Chen, and Peng 2001) 
10 USA gasoline (Hurst 2002; Chow and Johnstone 1965) 
11 Carbonates, metalliferous, and detrital sediments of Atlantis II Deep (Dupré et al. 1988) 
12 Red Sea brine & galena near Rabigh (Delevaux, Doe, and Brown 1967) 
13 Basalts of Atlantis Deep II, Al Wajh Deep, Nereus Deep, Ramad Seamount (Dupré et al. 1988)  
14 Saudi Arabian Precambrian quartz (Delevaux, Doe, and Brown 1967)  
15 Miocene evaporites (Dupré et al. 1988)  
16 Eastern Egyptian sediment (Stacey et al. 1980) 
17 Slightly metamorphosed Precambrian schist, Taleit Eid, Egypt (Stacey et al. 1980) 
18 Mineral deposits derived from Precambrian upper crust, Oman  (Stacey et al. 1980) 
19 Granites & granite-gneiss, Abas terrane, Al-Bayda island arc, Yemen (Whitehouse et al. 2001) 
20 Gneiss, amphibolite, and granite of Western Yemen (Whitehouse et al. 2001) 
21 Exposed terrestrial outcrop of pre-Cambrian rocks, NW Saudi Arabia (Chow 1968) 
22 Basalts of the Arabian plate (Bertrand et al. 2003) 
23 Matmata Saharan loess, Southern Tunisia (Grousset et al. 1994) 
24 Vein filling in Jurassic limestone from Precambrian upper crust, Yemen (Stacey et al. 1980) 
25 Granite and granite-gneiss of Al-Mahfid terrane, Yemen (Whitehouse et al. 2001) 
26 Granites of the Nubian Shield (Sultan et al. 1992) 
27 Mid-Atlantic Ridge basalts (Doe and Stacey 1974) 
28 East Pacific Rise basalts (Doe and Stacey 1974) 
29 Mid-Indian Ocean Ridge basalts (Doe and Stacey 1974) 




Similar to other wealthy countries, Saudi Arabia has a history of individual car ownership 
expanding exponentially alongside population growth, reinforced by a lack of public 
transportation (Atalla, Gasim, and Hunt 2018). Between 1995 and 2015, Saudi Arabia’s 
population increased from 9.3 million to 31.5 million, with energy consumption over the same 
period growing from 22.5 million tons of oil equivalent (Mtoe) up to 200 Mtoe (Atalla, Gasim, 
and Hunt 2018). According to Ahmad (1988), the number of registered vehicles in Saudi Arabia 
by 1985 was 3.8 million, which is over 15 times the 243,000 vehicles that were registered less 
than a decade before, in 1977 (Ahmad et al. 1988). In the mid-1980s, the Pb content of Saudi 
Arabian gasoline was 0.84 g Pb/L, which was double to triple that of the maximum permissible 
levels in European countries, including the United Kingdom (Ahmad et al. 1988). The former 
Meteorology and Environmental Protection Administration (MEPA) of Saudi Arabia reported air 
levels in Jeddah City as high as 5.8 µg Pb/m3 by 1985, over three times the allowable amount in 
the US and European countries (Ahmad et al. 1988). Many children in the area were found to 
have dangerously high concentrations of lead in their bodies, as measured by their hair (Ahmad 
et al. 1988). Isotopic Pb studies of children’s blood indicated that much of this lead came from 
home remedies and cosmetics, such as kohl, teething powders, and home remedies (Al-Saleh et 
al. 1993). 
By the mid-1980s, the city of Jeddah, one of the busiest ports within the Arabian 
Peninsula, was a busy, frequently expanding industrial zone with a large oil refinery and was 
home to many land reclamation projects to expand the city. The city also has a history of 
discharging industrial effluent and sewage directly into the Red Sea, even in recent years 
(Ahmad et al. 1988; Abu-Zied, Basaham, and El Sayed 2013). Over time, more refineries have 
been added across the Kingdom of Saudi Arabia. Figure 3-3 demonstrates how both production 
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and consumption of gasoline has gone up as more of the population owns private vehicles 
(Atalla, Gasim, and Hunt 2018).  
 
 
Figure 3-3 -Gasoline consumption and domestic production within the Kingdom of Saudi Arabia 
(KSD) from 1970 – 2015 (From Atalla, Gasim, and Hunt 2018). 
 
While leaded gasoline was once believed to be the major source of lead exposure in 
Saudi Arabia, it was mostly phased out by 2001; however, there still remain many other current 
anthropogenic sources (Shaik, Sultana, and Alsaeed 2014). Regional industries that continue to 
emit lead into the environment as point sources are businesses that manufacture batteries, 
cement, and paint, as well as battery recycling companies (Shaik, Sultana, and Alsaeed 2014).  
There is a great need for more studies in the Saudi Arabian region to determine the 
sources and extent of Pb exposure (Shaik, Sultana, and Alsaeed 2014; Hamid 2001). While there 
is some limited data on Pb sourcing from blood analyses, environmental studies characterizing 
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potential sources in this region are severely lacking. This study aims to begin to fill that gap by 
identifying major sources of Pb input to the region over time via Pb isotopic signatures in 
sediment cores just off the coast of Jeddah in the Red Sea. 
3.2 Materials and methods 
3.2.1 Sampling sites and procedures 
Three 50 cm deep, 4.5 cm diameter Red Sea sediment cores were collected by scuba 
divers in January 2015 off the shore of Jeddah (Al-Mur, Quicksall, and Al-Ansari 2017). Each 
core was split into 2 cm depth aliquots, homogenized, and kept refrigerated at 4° C (Al-Mur, 
Quicksall, and Al-Ansari 2017). Table 3-2 presents details on the core locations, and the sites are 
shown relative to one another in Figure 3-4. 
 
Table 3-2 - Locations and collection data of sediment cores (Al-Mur et al., 2017) 
Site Latitude Longitude Distance from shore (m) 
Water depth  
(m) 
North Jeddah at Salman 
Gulf 21º51’2” 38º58’38” 1000 2 
Prince Naif 21º35'33” 39º6’21” 1000 25 





Figure 3-4 - Core locations adjacent to Jeddah, Saudi Arabia 
 
3.2.2 Reagents and sample materials 
All solutions were prepared using doubly deionized (DDI) water at 18.2 mW resistivity. 
Trace metal grade HCl and HNO3 (Fisher Scientific, Pittsburgh, PA) were used for the heavy 
acid digestions. Trace metal grade HNO3 (Fisher Scientific, Pittsburgh, PA) was used to prepare 
the 5 % HNO3 solution for dilutions, calibration standard preparation, and blanks. 0.05 M Na-
EDTA solution was prepared by dissolving the appropriate amount of ACROS Organics™ brand 
EDTA disodium salt dihydrate (99+% analysis-grade purity) in DDI water. Glassware and 
plasticware were cleaned between uses by soaking in 10 % Liquinox overnight, rinsing, and 
soaking 24-hours in an enclosed 10 % HNO3 acid bath made with ACS grade HNO3 (Fisher 




The standard used for creating calibration solutions was Claritas PPT® grade Multi-
element Solution 2A (Ag, Al, As, Ba, Be, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, K, Li, Mg, Mn, Na, 
Ni, Pb, Rb, Se, Sr, Tl, U, V, Zn at 10 µg/mL in 5 % HNO3) purchased from Fisher Scientific, 
diluted by serial dilutions with 5 % HNO3 to create calibration standards of 0.5, 1, 2, 5, 10, 15, 
and 25 µg/l.  
3.2.3 Single-step extractions 
Individual forms and phases of Pb in natural samples can be separated from total Pb by 
sequential or single-step extractions (Tessier, Campbell, and Bisson 1979; Pinto, Chiusolo, and 
Cremisini 2010; Han et al. 2015; Erel et al. 2006). Organic ligands, such as EDTA, are often 
used to sequester extractable concentrations of Pb from total concentrations for comparison of 
data (i.e. Quevauviller 2002; Chrastný et al. 2008; Xu et al. 2013). 
0.05 M Na-EDTA was used to extract readily bioavailable fractions of Pb (i.e. Decong 
Xu et al. 2013; Fernandez et al. 2008; Argyraki et al. 2018). A 10:1 w/v ratio of 0.05 M Na-
EDTA was used by adding 5 ml of 0.05 M Na-EDTA solution to 0.5 g of solid. The low solid 
mass was selected due to a limited amount of available solid sample. The mixture was shaken on 
a shaker table for 1 hour in 50 ml centrifuge tubes. The tubes were then centrifuged for 10 
minutes at 3800 rpm, and the supernatant filtered through 0.45 µm PTFE filters using 13 mm 
syringes. The supernatants were immediately diluted at least 10-fold using 5 % HNO3 for 
preservation and refrigerated at 4 °C. 
3.2.4 Reverse aqua regia digestions 
Heavy acid digestions, such as concentrated HNO3 or aqua regia (3:1 HCL: HNO3), are 
often used to extract total Pb from solid samples into an aqueous phase for analysis (US EPA 
1996; Gaudino et al. 2007; Ming Chen and Ma 2001; Sutherland, Day, and Bussen 2003). 
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Recalcitrant Pb in this study was extracted by reverse aqua regia. Aliquots of 0.1 g of sediment 
sample for each 2 cm core section (as above) were placed in 30 mL ultra-pure PFA vials 
(Savillex Corporation) and massed on a microbalance to a precision of 10-4 g.  
Samples were digested in open vessels in an FCE-1800MS hood with a MaelstromTM 
Scrubbing System on two aluminum, silicone-coated, blocks heated on hot plates at 85 °C. The 
temperature was chosen as 85 °C to remain below the boiling point of reverse aqua regia, thus 
limiting losses of metals due to aerosolization and/or volatilization (Chen and Ma 2001). 8 mL of 
solution consisting of 3-parts concentrated HNO3 to 1-part concentrated HCl were added to each 
tube and allowed to evaporate to dryness. The process was repeated twice for each sample set. 
For each block, one vial was filled with control sand and one vial left void of solids to be treated 
as blanks throughout the procedure.  
Upon reaching complete dryness, the remaining salts were dissolved in 10 mL of 5 % 
HNO3. The supernatant was then filtered using 13 mm syringes fitted with 0.45 µm Nylon filters 
to remove any remaining solid particles. The filtered samples were stored in a refrigerator at 4 
°C. 
3.2.5 ICP-MS for Pb isotope analyses 
All supernatants were analyzed for 204Pb, 206Pb, 207Pb, and 208Pb with a Thermo X Series 
2 inductively coupled plasma-mass spectrometer (ICP-MS) using trace metal certified argon gas 
in collision cell mode with kinetic energy dispersion (CCT-KED). Each sample was analyzed by 
the instrument in triplicate, and the average counts of these triplicates were used to perform 
calculations. A 5 % HNO3 blank was also analyzed every 10 samples for quality control. For 
matrix matching purposes, 8 % 0.05 M Na-EDTA was included in the standards and blanks 
when analyzing extraction supernatants.  
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To determine heterogeneity among sample aliquots, three samples were split for each 
analysis process into duplicates or triplicates which were subjected to the same digestion, 
extraction, and dilution procedures.  
Concentrations of total lead were calculated by importing uncorrected raw counts from 
the PlasmaLab software into Excel and converting to concentrations for 208Pb. Calibration curves 
were created to convert uncorrected values (counts) into µg/l concentrations.  Calibration 
equations were accepted where the linear regression fit of standard counts versus concentrations 
had an r2 > 0.999. From µg/l concentrations, µg of element per g of total media (µg/g, also 
referred to as mg/kg) was calculated using initial pickup volumes and masses. 
The instrument detection level (IDL) was determined as the average of the blank result 
plus 3 x standard deviation of blank result (in µg/l) for n = 10 blanks (US EPA 2014). The LOQ 
was determined by multiplying the result of 10 times the average standard deviation of counts 
over ten runs of the 0.5 µg/l standard. The IDLs for 204Pb, 206Pb, 207Pb, and 208Pb were 0.029, 
0.020, 0.011, and 0.010 µg/l and LOQs were 0.570, 0.107, 0.149, 0.084 µg/l, respectively.  
3.2.6 Statistical analysis and modeling 
Various methods were employed for transforming the data for source analysis. 
3.2.6.1 Extractable vs. recalcitrant Pb 
To determine the recalcitrant ratios, proportionally weighted extractable isotopic data was 
subtracted from heavy acid digestion isotopic data and the quotient of this value to the residual 
fraction was used as recalcitrant. Equation 3-1 describes this function, where Pbtot is the Pb ratio 
of the digested material, Pbext represents the extractable Pb ratios, and Pbrec is the recalcitrant 














Equation 3-1 - Determining recalcitrant isotopic data from total digestions and single-step 
extractions 
 
Sets of anthropogenic and geological lead isotopic data were compiled from literature 
sources. These sets were condensed into smaller groupings using K-means clustering, performed 
in JMP Pro 15. The clusters were plotted as polygons in bivariate plots where multiple data 
points existed, using maximum, minimum, and average values from the literature data to 
determine the region boundaries. Bivariate isotopic ratio plots were created in Microsoft Excel to 
visualize the data. Box and whisker plots were created using JMP Pro. 
3.2.6.2 Mass discrimination corrections 
Single collector quadrupole ICP-MS (Q-ICP-MS) is known to have less precision than 
other analysis methods such as TIMS or MC-ICP-MS (Gulson et al. 2018a; Krachler et al. 2004; 
Terán-Baamonde et al. 2015). Dependent on research goals and precision requirements, the ease 
of preparing and running many samples on Q-ICP-MS often outweighs the cost and effort of 
using other methods, such as TIMS. Many researchers cannot publish environmental Pb isotopic 
ratio data from ICP-MS analysis because of detection issues. Many do not report 204Pb, even 
though the use of non-radiogenically-derived 204Pb in Pb isotopic ratios dramatically enhances 
the ability to identify environmental sources in natural samples, particularly due to most 
geological data being reported in terms of 204Pb.  
The various studies that do address quality concerns of Pb isotope analysis in Q-ICP-MS 
use a pure isotopic Pb standard for determining instrumental precision when determining Pb 
isotopic concentrations. For this method to accurately describe precision, the Pb within the 
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natural sample must be extracted and purified using ion exchange columns. Rarely do 
researchers perform this extra step to determine precision (Gulson et al. 2018b; Krachler et al. 
2004). Because this study uses ratios, rather than concentrations, a more appropriate method is 
proposed here for determining 204Pb, 206Pb, 207Pb, and 208Pb ratios within environmental samples 
of multi-elemental makeup analyzed by Q-ICP-MS. 
To address mass discrimination bias, linear regression models (Terán-Baamonde et al. 
2015) were created for a sweep of 204Pb, 206Pb, 207Pb, and 208Pb isotopic ratios from data 
determined over 10 separate ICP-MS runs using the same stock standard containing a multi-
elemental solution, resulting in a total count of 75 separate analyses of stock standards run 
alongside experimental samples and blanks. Fitting a least squares model to the data to find each 
‘slope,’ or predicted true ratio, led to an r2 value of >0.999 for 206Pb/204Pb, 207Pb /204Pb, and 208Pb 
/204Pb. For each separate run, the quotient of the predicted isotopic ratio to the average 
experimental ratio of the multi-elemental standard range for that run was used as a correction 
factor for that data set. Ratios were determined using blank-subtracted counts. Each set of ratios 
from the individual runs was then corrected using these correction factors. The adjusted data had 
a standard error of range of 0.048 – 0.132 for 204Pb-normalized ratios and 0.001 – 0.003 for the 
ratios among 206Pb, 207Pb, and 208Pb.  
3.3 Results 
The results of Pb analyses in the cores indicated significant differences among the three 
sites by depth in total Pb concentrations (Figure 3-5). The North Jeddah site had nearly 
consistent Pb levels throughout the entire core depth, with a median concentration of 1.55 mg 
Pb/kg media (referred to hereafter as mg/kg or µg/g).  The Prince Naif site did not have a 
positive or negative trend but fluctuated between a minimum of 2.88 mg/kg at a depth of 12-14 
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cm to 13.8 mg/kg at the 2-4 cm depth. The median concentration at the Prince Naif site was 6.85 
mg/kg. The Downtown Jeddah site had the highest overall concentrations, with a median Pb 
value of 31.6 mg/kg, ranging between a minimum of 15.1 mg/kg at the 30-32 cm depth to a 
maximum of 46.0 mg/kg at the 0-2 cm depth. The Downtown Jeddah site had fluctuating trends 
in concentration levels throughout the core. From the bottom to the mid-section of the core, the 
overall concentration of lead decreased. From middle of the core up to the surface, there was a 




Figure 3-5 - Total concentrations of Pb as determined by heavy acid digestions, plotted as a 




The isotopes of 206Pb, 207Pb, and 208Pb were ratioed to 204Pb for analyzing trends by total 
digestion, extractable, and recalcitrant fractions by depth and site. Figure 3-6 presents the data 
comparing concentration of Pb to isotopic ratios for each site by depth and analysis category.  
To gather more information on potential signatures, data was plotted concomitantly with 
the sources previously described and plotted in Figure 3-2. Figure 3-7 shows the recalcitrant and 
extractable fractions of the Downtown site plotted over potential anthropogenic and natural 
sources. The data from the core is shown in an expanded view in the bottom panel of  
Figure 3-7.  Figure 3-8 and Figure 3-9 present the extractable and recalcitrant data, 






Figure 3-6 – Concentration (Pb mg/kg) plotted against Pb isotopic ratios of 206/204, 207/204, 
and 208/204. Sites are marked by color, analysis type is marked by symbol, and size of symbol 




Figure 3-7 – Pb isotopic ratio plot of 208Pb/204Pb to 206Pb/204Pb for the Downtown Jeddah site. 
Extractable and recalcitrant data are plotted separately. Each point represents a 2 cm aliquot of 
depth in the core. The top panel shows the data overlain onto the potential sources. The bottom 
panel is an expanded plot showing just the site data for purposes of discrimination between the 
points. The sources are referenced by numbers in the figure corresponding to the citations and 





Figure 3-8 – 208Pb/204Pb vs. 206Pb/204Pb plot of extractable Pb for the three cores . On the top 
panel, the sample data is overlain onto potential anthropogenic and natural source literature data, 






Figure 3-9 - 208Pb/204Pb vs. 206Pb/204Pb plot of recalcitrant Pb for the three cores. The top panel 
presents ratios from all three cores overlaying the signatures of potential anthropogenic and 
natural (geological) Pb sources, cited by number in Table 3-1. The bottom panel expands the 





The following section discusses the patterns of Pb isotopic ratios and concentrations by 
site and depth, the potential sources of Pb by comparison of isotopic ratios to literature sources, 
and the impacts and risks associated with exposure pathways of the potential sources. 
3.4.1 Spatial and temporal patterns of lead concentrations and isotopic ratios 
From Figure 3-5, it can be seen that the concentrations of Pb were highest at the 
Downtown Jeddah site with the lowest values in the North. The maximum Pb concentrations at 
Downtown, Prince Naif, and Jeddah were 45.9 ± 2.7 µg/g (0-2 cm range), 13.8 ± 0.80 µg/g (2-4 
cm range), and 4.20 ± 0.24 µg/g (6-8 cm range), respectively. While these levels are below many 
environmental action levels of pollution, there is no threshold level of lead that is safe for human 
exposure (Wani, Ara, and Usmani 2015). These levels of lead appear to be increasing over time, 
particularly for the top 3/4ths of the Downtown site, which can be concerning for public health. 
The manner of deposition for the Pb can dictate what risk it poses to the public as far as 
inhalation, absorption, or ingestion potential. Because the Downtown site is a more urbanized 
area, it indicates that there could be a risk, locally, from Pb pollution. 
Figure 3-6 presented the data comparing concentration to isotopic ratios for each site by 
depth and analysis category. For all ratios and analyses, the Downtown site (blue) has a narrower 
range of values, not dependent upon analysis type. The pattern and range of isotopic ratio values 
does not appear to depend upon depth down the column or concentration for any of the sites. 
3.4.2 Lead sourcing interpretations 
This section describes the conclusions on potential Pb sources and pathways of Pb in the 
environment based on the data and analyses. 
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3.4.2.1 Identifying potential Pb sources 
The data from all of the cores were plotted by extractable and recalcitrant fractions 
overlaid onto the potential natural and anthropogenic sources from literature, shown previously 
in Figure 3-7, Figure 3-8, and Figure 3-9.  
Figure 3-7 presented the recalcitrant and extractable fractions of the Downtown site 
plotted over potential anthropogenic and natural sources, with the core data core expanded in the 
bottom panel. A linear pattern is apparent for both the extractable and recalcitrant data, with the 
extractable data plotting on the lower end of 206Pb/204Pb and 208Pb/204Pb values. The extractable 
and recalcitrant points for all cores and analyzed depths were shown together in  
Figure 3-8 and Figure 3-9. 
The extractable data is confined to a smaller isotopic range than that of the recalcitrant. 
The recalcitrant fractions spread further upwards and to the right on the source diagram. It is 
evident that at the three sites, there are at least two significant end members influencing the 
isotopic signature of the sediments along a clear mixing line. The two end-member components 
are not overtly dependent upon depth or concentration for recalcitrant or extractable fractions, as 
was shown in Figure 3-6.  
The recalcitrant fractions of all three sites have highly radiogenic signatures and many of 
the points strongly align with the granites, granitic-gneisses, and amphibolites of the exposed 
geological outcrops of Yemen (sources 19 and 25 from Table 3-1). 
Referring back to Figure 3-1, there is a seasonal trough of wind blowing directly from the 
Gulf of Aden across Yemen and down the longitudinal axis of the Red Sea. The dust from 
exposed, weathered rock could be transported during these periods of high wind and would alter 
the signature pattern in the sediments significantly, because they have such high radiogenic 
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values. The geography of the Yemeni geological formations is shown in Figure 3-10 (Yeshanew 
et al. 2015).  
The extractable fractions of all of the cores are more ambiguous for sourcing, as they 
overlay a few overlapping potential source components, both anthropogenic and natural. The 
points plot at the high ranges, mostly falling right above typical mid-ocean ridge basalts 
(MORB) sources (sources 13, 22, and 27 – 30 in Table 3-1), as well as the sediments of Atlantis 
II Deep, mineral deposits, rocks, and sediments from around the Arabian and Nubian Shields, 
and Saharan loess. These sources would all be possible end members on the extractable end, as 
there are consistent additions to the sediment over time based on known spreading activity in the 
Red Sea and the regional wind patterns carrying particulate matter (Langodan et al. 2018; Chow 
1968). Among the three sites, the Downtown site most clearly overlaps the Australian ore, 
Chinese ore, and Taiwanese gasoline (sources 1, 2, 8, and 9 in Table 3-1), while the other two 
sites again plot slightly above this anthropogenic region.  
One hindrance in determining that the lead signature could potentially be anthropogenic 
is that it does not depend on depth down column or concentration. Referring back to Figure 3-6, 
particularly for the Downtown site, the extractable Pb ratios remains fairly unchanged 
throughout the column depth. If the source of the extractable lead were an anthropogenic source 
such as gasoline, it would be expected that the isotopic trends would only be at the top. However, 
the Downtown site has been determined to have high rates of biological and chemical mixing 
from the study of 7Be and 210Pb in previous studies (Al-Mur, Quicksall, and Al-Ansari 2017). 
The chemical diffusion rates at the Downtown site were previously determined by Al-mur (2017) 
using 7Be activity data to be 69.1 cm-2yr-1 at the Prince Naif site and 380 cm-2yr-1 at the 
Downtown site. The particle mixing rates were determined by 210Pb and found to be 2.54 cm-2yr-
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1 at Prince Naif and 6.80 cm-2yr-1 at the Downtown site. Lead may be carried down the sediment 
column upon sedimentation by biological and physical mixing mechanisms. 
Based on the data, at least one of these end members is a distinct geological component 
with a highly radiogenic signature, potentially from Yemen during frequent, severe dust storms. 
The other end member may be related to the Australian or Chinese ore used in gasoline or come 
mostly from natural components such as Red Sea brine, Saudi Arabian Precambrian quartz, other 
Yemeni geological formations, or Atlantis II Deep basalts. However, the natural components 
overlap in signature to the anthropogenic sources, and so the lower end member cannot be 






Figure 3-10 – Major geological regions surrounding the Red Sea, including the terranes of 
Yemen (modified from Yeshanew et al. 2015).  These areas are of interest due to high likelihood 
of dust transport to the site from surrounding regions of the Arabian Peninsula. 
 
3.4.2.2 Discussion of Pb dispersal and exposure pathways 
The Arabian Peninsula is known to be one of the major hosts of severe desert dust storms 
impacting the spread of dust worldwide (Alghamdi et al. 2015). Yemen, in particular, 
experiences frequent, extreme dust storms and can transport dust long distances into Saudi 
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Arabia, due to topography and typical drought conditions (Alghamdi et al. 2015). Dust storms 
can carry mineral particles long distances and have widespread negative impacts, including harm 
to human respiratory and heart health, effects on biogeochemical functions of ecosystems, and 
decreases in soil fertility (Alghamdi et al. 2015). Aside from the dangers of size and crystallinity 
of particulate matter, dust can carry with it high proportions of toxic pollutants such as Pb (Erel 
et al. 2006).  In this way, particulate matter transport and deposition from dust storms can serve 
as a pathway for Pb exposure through direct or indirect inhalation and ingestion (Eqani et al. 
2016). 
The coastal area of Jeddah has been described as being covered with thick alluvial 
deposits from the fringing mountains, which are composed of granites and granite gneiss 
(Basaham et al. 2006); however, Pb isotopic data from within Saudi Arabian mountainous 
granites is sparse. Floods are known to carry water through the ancient wadis of the mountains 
out to the Red Sea coastline (Youssef et al. 2016; Basaham et al. 2015; Sultan et al. 1992). The 
available Pb isotopic data from the region expresses isotopic ratios of more juvenile geological 
structures that plot quite differently from the data of this study. Bantan, Ghandour, and Al-
Zubieri (2020) studied coastal plain material on the eastern coast of the Red Sea. They 
determined that the sediments were derived from poorly weathered igneous rocks from an active 
continental margin and continental island arc settings, which is in agreement with the findings of 
this study. 
Even though similar components are clearly influencing all three sites, Pb concentrations 
are not being dispersed and captured in the coastal sediments evenly. Instead, there may be an 
anthropogenic element contributing to the spreading of the particulates with a preference to the 
Downtown Jeddah site. The Downtown site has high percentages of impervious cover and is 
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therefore susceptible to extreme flooding (Youssef et al. 2016). If dust is depositing evenly 
across the entire coastal region during dust storms and prevailing winds, flooding events that are 
more severe at the Downtown site would wash higher quantities of fine dust and debris into the 
ocean. Because there is constant construction development in the city, including substantial 
dredging and filling (Basaham, El-Sayed, and Rasul 2006), human activities can also disturb dust 
that has settled and allow it to be redistributed into the marine environment, leading the 
Downtown to capture higher concentrations in the sediment record.  
Even though Pb inputs potentially derived from dust storms are considered natural, they 
are still contributing to airborne lead. This study found up to approximately 50 mg/kg of Pb in 
the marine sediment off the coast of Jeddah. This indicates that airborne concentrations may be 
much higher, as the geochemical processes in seawater do not capture all particles and Pb in the 
sediment, due to scavenging, resuspension, and lateral transport (Chien et al. 2019). Major 
exposure routes can be from inhalation of the airborne component, ingestion of fish or other 
marine-derived food contaminated with lead, ingestion of soil contaminated with lead dust, 
desalination of water and subsequent re-release of concentrated brine, or exposure of the skin or 
ingestion through swimming. the airborne component could likely have much higher peak 
concentrations of Pb that are not retained in the sediment. Natural sources can be a major 
contributor to Pb levels in the environment and affect public health by exposing the population 
of Saudi Arabia to Pb in the air and soils.  
3.5 Conclusion 
From the study of isotopic Pb ratios in marine sediment cores from the Red Sea, near 
Jeddah, it can be seen that the composite sediment signatures indicate that the main contributors 
of Pb are derived from at least two end members. One end member is likely derived from the 
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transport of dust-blown particles from the weathering of highly radiogenic exposed rocks from 
the southern end of the Arabian Peninsula. The other end member for the sites is unable to be 
precisely determined, due to overlapping source signatures. It could be derived from geological 
structures of Saudi Arabia and the Red Sea or anthropogenic inputs from Australian or Chinese 
ore used in products such as gasoline.  
The contribution of dust-blown particles to the overall Pb load in the region is an 
important discovery, because while air quality has improved worldwide through the shift to 
unleaded gasoline with enhanced air emission standards, natural airborne dust containing Pb 
from geological weathering goes largely ignored. This study shows that natural, crustal derived 
dust sources are a significant contributor of Pb into the coastal Red Sea environment off the coast 
of Jeddah. Particulate matter, including PM2.5 and PM10 (particulate matter <2.5 µm and 10µm 
diameter, respectively), are a large contributor to loss of quality of life and premature death 
around the world (e.g. Kim, Kabir, and Kabir 2015). Particulate matter containing Pb is an even 
greater health concern, but there are limited studies on particulate matter composition in the 
Jeddah region (Alghamdi et al. 2015). The data from this study suggests that the Pb captured 
within the coastal Red Sea marine environment near Jeddah is likely influenced by dust-derived 
transport from the Southern Arabian Peninsula, with a separate, undetermined end member, 
potentially derived from local geological sources such as marine basalts or anthropogenic 
contributions from ore used in leaded gasoline. 
Further work should be done to classify if there are more local sources to Saudi Arabia 
that are missing from scientific literature similar to those of the highly radiogenic geological 
sources of Yemen. This data could provide the gap needed to identify the unique signatures. Air 
quality studies should be performed to explore the Pb isotopic signatures and concentrations 
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from dust collected during dust storms. Further studies are needed to identify the peak 
concentrations of Pb in aerosols, particularly during seasonal dust storms, as well as potential 
control methods for these aerosols.  
This study of Pb isotopic composition from the Jeddah coastline along the Red Sea shows 
that unique, highly radiogenic Pb signatures exist in the marine sediment and that the major 
component of these signatures could be dust storms from the south carrying high levels of Pb. 
This can impact public health in the Jeddah region, particularly during large seasonal dust 
storms. This study also provides answers to geological studies of interest on sourcing of 
sediments in the Red Sea and also on environmental studies of Pb sources affecting the 
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CHAPTER 4.  RED SEA SEDIMENT CORE RARE EARTH ELEMENT SIGNATURES 
NEAR JEDDAH, SAUDI ARABIA 
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4.1 Introduction 
Air, water, and soil and sediment pollution in the environment is a worldwide issue of 
great importance, affecting public health, ecosystem function, and the long-term sustainability of 
shared environmental resources. The use of rare earth elements (REE) in commercial and 
industrial products has been increasing exponentially over the last half-century, due to their 
importance in electronics, green energy, and oil production processes, among numerous other 
uses (Migaszewski and Gałuszka 2015; Van Gosen et al. 2017). The waste and pollution created 
from the mining, use, and disposal of products incorporating REE are of increasing 
environmental concern. This study analyzes REE concentrations and patterns from sediment 
cores off the coast of Jeddah, Saudi Arabia, in the Red Sea, to understand recent anthropogenic 
contributions of REE pollution. This region is of interest because of its exponential urbanization 
and the paired increase in industrial growth on the shoreline of the Red Sea, an important marine 
environment used as a source of water for desalination in the region and known for its unique 
ecosystems and coral reefs (Basaham et al. 2006; Blue 2012; Al-Mur, Quicksall, and Al-Ansari 
2017). This study gives insight into the sourcing of REE in marine sediments in the Red Sea and 
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their eventual fate and transport in the wider environment. The results of this study can be used 
to identify sources and pathways of concomitant pollutants to marine sediments in future studies. 
4.1.1 Chemistry of rare earth elements 
The term ‘rare earth elements’ describes the lanthanide group of the periodic table, from 
atomic number 57-71 (La – Lu) and often including yttrium (Y) and scandium (Sc) due to 
similarities in properties and chemical behavior (US EPA 2012; McLennan and Taylor 2013). 
REE are often co-located in mineral structures, due to their similar ionic radii, and are usually 
found together among alkaline igneous rocks containing phosphate and carbonate minerals 
(Long et al. 2012). 
REE distribution patterns follow the Oddo-Harkins rule, where those with even atomic 
numbers are found in much higher concentrations than those with odd numbers (Migaszewski 
and Gałuszka 2015; Fedele et al. 2008; US EPA 2012). Because of this, REE concentrations in 
natural samples are often normalized to reference data sets of certain geologic and environmental 
abundances to eliminate the large differences in concentration between odd and even elements 
(Migaszewski and Gałuszka 2015; Fedele et al. 2008; US EPA 2012). These normalized patterns 
and anomalies observed from such patterns can be used to distinguish between various 
anthropogenic and natural sources (i.e. Olmez et al. 1991; Migaszewski and Gałuszka 2015; 
Aubert et al. 2002).  
4.1.2 Natural environmental processes of REE 
REE are important indicators of geological and environmental sourcing because they are 
relatively insoluble in natural waters and tend to be uniformly distributed during homogeneous 
sedimentary mixing processes, representing that of bulk crustal earth values (Taylor and 
McLennan 1985). In igneous processes for rock formation, the mineral patterns depend on the 
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mineral-melt distribution coefficient which can lead to variable patterns between different types 
of rocks. For metamorphic minerals, the REE content is influenced by the abundances within the 
bulk parent rock (Taylor and McLennan 1985). Natural sources of REE in soil and sediment are 
typically from bedrock weathering (Migaszewski and Gałuszka 2015); bedrock mineralogy and 
lithology, therefore, often control the natural REE patterns in sediments. Accessory minerals 
such as zircon, apatite, monazite, xenotime, and aluminum-phosphate minerals normally control 
the abundances of REE in rocks (Migaszewski and Gałuszka 2015). Geologically, classical rare 
earth elements studies in marine sediments have been used to understand the complex processes 
associated with weathering, erosion, transportation, and deposition of terrigenous sediment 
(Taylor and McLennan 1985; Aubert et al. 2002). 
In aqueous-sediment systems, REE tend to either form stable solution complexes with 
anionic ligands, sorb to mineral and organic solid phases, or partition into solid phases through 
precipitation of minerals incorporating REE into their structure (Williams-Jones, Migdisov, and 
Samson 2012; Van Gosen et al. 2017; Taylor and McLennan 1985; Migaszewski and Gałuszka 
2015).  
Anomalies in concentrations patterns are useful for correlating sediments to potential 
sources. Redox conditions in natural systems dictate how the lanthanides that can exist out of the 
typical trivalent state partition separately from the other REE. Redox conditions in oceanic 
environments are largely controlled by microbially-mediated degradation of organic matter and 
photosynthesis processes (Drever 1997). The absence or enrichment of cerium (Ce) and 
europium (Eu) gives insight into the geochemistry and organic enrichment of the system as they 
partition in and out of the standard patterns of the parent REE sources. Eu can occur as either 
Eu2+ and Eu3+ in nature, causing it to separate from the other REE as it substitutes into minerals, 
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termed the ‘europium anomaly’ and symbolized by the ratio of concentration to a normalizing 
value, Eu/Eu*. Cerium anomalies of enrichment or depletion to a normalizing value (Ce/Ce*) is 
also of interest, because it also has two valence states, Ce3+ and Ce4+, which similarly affect 
atomic radius and substitution. The trivalent Ce3+ is converted to Ce4+ under oxidizing 
conditions, including continental weathering and manganese oxide formation in seawater. Under 
oxidizing settings, it can separate from the other REE by precipitating into highly insoluble 
hydroxides, creating anomalies in the patterns (McLennan and Taylor 2013).  
REE are often divided into light (LREE), referred to as the cerium subgroup, medium or 
middle (MREE), referred to as the terbium subgroup, or heavy (HREE), referred to as the yttrium 
subgroup (Migaszewski and Gałuszka 2015; US EPA 2012; Atwood 2013; Gupta and 
Krishnamurthy 2005). The groups are broken up based on observations of co-occurrences in 
natural systems and chemical bond preference patterns, although there is no one agreed upon 
break point in scientific literature between any of the groups. Sometimes Eu is excluded from all 
groups, due to the anomalies between it and the other REE, and Y is always included in the 
HREE sub-group even though it is not technically classified as a lanthanide. 
4.1.3 Anthropogenic uses for REE 
Overall REE concentrations from anthropogenic sources and perturbations of natural 
systems are increasing in air, water, and soils and sediments and have been identified as 
contaminants of concern (W. Zhu, Xu, Shao, et al. 1997; Olmez et al. 1991). Their unique and 
useful properties have led to the increased interest in mining and utilization of REE in 
innumerous industrial and commercial products. The mining and processing of REE further pose 
hazards because ores are usually radioactive, due to the co-presence of Th, and can contain other 
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toxic co-contaminants, such as lead, cadmium, zinc, and asbestos (Migaszewski and Gałuszka 
2015).  
REE are increasingly used in many industries throughout the world, particularly in 
electronics, catalysts, and synthetics, and medicinal and military applications. They are typically 
not recycled after the end-of-life of associated products and end up in landfills or elsewhere as 
waste in the environment (US EPA 2012). Many energy-efficient technologies, such as electric 
vehicles and wind power, use REE as alloys for high-powered magnets (Long et al. 2012; US 
EPA 2012). REE are also associated with various stages of nuclear power and nuclear testing 
processes. They are produced as byproducts during nuclear fission and during the decay of 
radioactive waste. The isotope 151Eu is used in control rods within nuclear reactors (Fedele et al. 
2008).  
REE are incorporated in many optical materials, including lasers, glass additives, 
magneto-optical materials, liquid crystalline displays (LCDs), and fluorescent materials (Hirano 
and Suzuki 1996; US EPA 2012; Jackson and Christiansen 1993). Producers of carbon nanotubes 
often use Ce-oxides as coatings because of its thermal and electrical properties (Fedele et al. 
2008; Migaszewski and Gałuszka 2015). 
Phosphates mined for fertilizer often have REE as impurities in their mineral structure. 
As the fertilizer is used, REE can disperse into the environment (Long et al. 2012). Studies have 
shown that REE can bioaccumulate in plants from fertilizers (Wen et al. 2001). This is becoming 
an issue of concern globally, as these fertilizers are sometimes used to grow food for human 
consumption (Wen et al. 2001). Specific dose-response toxicity has been studied in animals, but 




A major source of LREE, in particular, in the environment is from the emissions and 
waste in crude oil refining and burning of petroleum products (Olmez and Gordon 1985; Olmez 
et al. 1991). The main mineralogical sources of REE in these products are monazite 
((Ce,La,Nd,Th)(PO4,SiO4)) and bastnasite ((Ce,La)CO3F), which both contain unique REE 
patterns separate from crustal abundances (Olmez and Gordon 1985). As leaded gasoline has 
been phased out, the use of new anti-knock compounds has required more processing and 
cracking, increasing the use of LREE derived from bastnasite and monazite with zeolite catalysts 
(Olmez and Gordon 1985; Suzuki, Hikida, and Furuta 2011; Bünzli 2013). Because the 
elemental makeup of the parent mineral source includes LREE, particles deposited from the 
processing and burning of petroleum products and associated wastewater and fly ash are much 
more likely to contain an abundance of LREE than HREE, unlike the ratios in typical crustal 
abundances (Olmez and Gordon 1985; Rahn 1976; Aubert et al. 2002). An enrichment of 
vanadium (V) compared to lanthanum is another signature of crude oils and can help distinguish 
between LREE enrichment associated with refineries (pre-processing of crude oil) or uses post-
processing such as oil-fired power plants and gasoline emissions (Olmez and Gordon 1985). In 
coal burning, REE tend to retain their natural crustal abundances due to less processing and 
fewer additives (Olmez and Gordon 1985). 
Health effects of REE are of interest due to the increasing environmental ubiquity as 
pollutants from anthropogenic use, but they have not been studied yet in depth. There are studies 
showing REE can deposit in the liver (W. Zhu et al. 2005), while the heavier REE can 
accumulate in bones (Zaichick et al. 2011; Migaszewski and Gałuszka 2015). Studies have 
related REE exposures to lowered intelligence quotient (IQ) in children, adverse effects on the 
central nervous system, arterial damage by increasing cholesterol, and respiratory damage from 
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inhalation of dust (W. Zhu, Xu, Wu, et al. 1997; Yu et al. 2013; Zaichick et al. 2011; McDonald 
et al. 1995; Hirano and Suzuki 1996). 
4.1.4 Potential sources of REE to the field study area 
The study area is close to at least two major oil refineries, two sugar refineries, a 
desalination plant, a salt refining plant, a large international airport, and chemical manufacturing 
companies, among other pollutant sources. The two major refineries within the city have the 
potential for LREE emissions at the study site. Oil refining is a large part of the economy of the 
Kingdom of Saudi Arabia (KSA) and, from the mid-1970s, the construction of new refineries has 
increased the quantity of gasoline production (Table 4-1) (Atalla, Gasim, and Hunt 2018).  
 
Table 4-1 - Major refineries within KSA and their yearly production (as of 2015). Adapted from 
Atalla, Gasim, and Hunt (2018) 
In-Kingdom 
Refineries 
Total gasoline produced 
in 2015 
(million barrels) 
Jeddah (1976) 3.738 
Yanbu (1979) 10.485 
Riyadh (1981) 11.379 




SAMREF (1983)* 47.532 
SASREF (1986)* 4.510 
Petro Rabigh (1990)* 12.176 
SATORP (2014)* 25.022 
YASREF (2015)* 22.755 
Total 179.901 
* indicates international joint ventures 
 
Besides the environmental pollutants associated with oil refining, which includes direct 
emissions, wastewater, and fly ash, other major potential anthropogenic sources of REE in this 
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region are the extensive mining of phosphates in northern KSA for fertilizer production (Khater 
et al. 2016), gasoline burning (Atalla, Gasim, and Hunt 2018), desalination which could increase 
the REE concentrations during output of hypersaline waste product (Alharbi and El-Sorogy 
2017), and the use and disposal of products containing REE (Migaszewski and Gałuszka 2015). 
Anthropogenic influences on natural sources include increased dust from construction and the 
increased runoff of natural systems from flooding due to increased impervious cover in the city 
(Youssef et al. 2016).  
4.1.5 Objectives of this study 
Studies are needed worldwide to understand the spatial and temporal distribution patterns 
of REE in natural environments (Migaszewski and Gałuszka 2015). Environmental data on REE 
concentrations, trends, and patterns over time from the Jeddah coast of the Red Sea region is 
lacking. This work proposes major sources of REE by presenting data and patterns of REE 
spatially and by depth. Additionally, the tracing of REE sources is useful for tracking the spread 
of other concomitant pollutants (Migaszewski and Gałuszka 2015). This data can serve as an 
important resource for future environmental and geological studies. 
The objectives of this study are to: (1) provide regional REE information for shallow 
sediment depths in the coastal region off the Jeddah in the Red Sea to provide benchmark data; 
and (2) identify potential major sources of REE pollution to the Jeddah coastline by analysis of 
REE concentrations and patterns in marine sediments. 
4.2 Materials and Methods 
4.2.1 Sample collection 
Three Red Sea sediment cores (50 cm depth, 4.5 cm diameter) were collected off the 
Jeddah shore by scuba divers in January 2015 (Al-Mur, Quicksall, and Al-Ansari 2017). The 
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cores were divided every 2 cm of depth, homogenized, and refrigerated at 4 °C (Al-Mur, 
Quicksall, and Al-Ansari 2017). Relevant site information is shown in Table 4-2 and Figure 4-1. 
 
Table 4-2 – Site information of the sediment cores (Al-Mur et al., 2017) 
Site Latitude Longitude Distance from shore (m) 
Water depth  
(m) 
North Jeddah at Salman Gulf 21º51’2” 38º58’38” 1000 2 
Prince Naif 21º35'33” 39º6’21” 1000 25 
Downtown Jeddah 21º31’45” 39º9’26” 10 2 
 
 
Figure 4-1 – Locations of the three cores along the Jeddah coastline 
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4.2.2 Experimental methods 
Experimental methods included heavy acid digestions paired with inductively coupled 
plasma mass spectrometry (ICP-MS) for the analysis of supernatants. 
4.2.2.1 Reagents and sample materials 
All solutions were prepared using doubly-deionized (DDI) water at 18.2 mW resistivity. 
Heavy acid digestions were performed using trace metal grade concentrated HCl and HNO3 
(Fisher Scientific, Pittsburgh, PA). Dilutions, calibration standards, and blanks were created 
using trace metal grade concentrated HNO3 (Fisher Scientific, Pittsburgh, PA) diluted to 5 % 
with DDI water. Glassware and plasticware were cleaned between uses by soaking in Liquinox 
overnight, rinsing, and soaking 24-hours in an enclosed 10 % HNO3 acid bath made with ACS 
grade HNO3 (Fisher Scientific, Pittsburgh, PA). Dishware was then each rinsed five times with 
DDI water and air-dried in a covered hood.  
The stock standards used for creating calibration solutions were Claritas PPT® grade ICP-
MS Multi-element Solution 1 (Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sc, Sm, Tb, Th, Tm, Y, 
Yb at 10 µg/mL in 5 % HNO3) and Claritas PPT® grade ICP-MS Multi-element Solution 2A 
(Ag, Al, As, Ba, Be, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, K, Li, Mg, Mn, Na, Ni, Pb, Rb, Se, Sr, Tl, 
U, V, Zn at 10 µg/mL in 5 % HNO3), both purchased from Fisher Scientific.  
4.2.2.2 Heavy acid digestions 
Aliquots of 0.1 g of sediment sample from each 2 cm core section were placed in 30 mL 
ultra-pure PFA vials (Savillex Corporation) and massed on a microbalance to a precision of 10-4 
g. Larger grains of sand and large fragments of coral and shells (> 0.475 mm) were removed and 
excluded from digestion material. 
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Samples were digested in open vessels in an FCE-1800MS hood with a MaelstromTM 
Scrubbing System on two aluminum, silicone-coated, blocks heated on hot plates at 85 °C. 
Reverse aqua regia consisting of 6 ml concentrated HNO3 to 2 ml concentrated HCl (3:1 
HNO3:HCl) was added to each tube and allowed to evaporate to dryness. The process was 
repeated twice for each set of samples. The remaining dried salts were dissolved in 10 mL of 5 % 
HNO3. The supernatant was then filtered using 13 mm syringes fitted with 0.45 μm Nylon filters 
to remove any remaining solid particles. The filtered supernatants were stored in a refrigerator at 
4 °C. Procedural blanks included one tube of sand and one empty tube per hot block during 
digestions, treated identically to the samples throughout all processes. To determine 
heterogeneity among sample aliquots, three duplicate splits per core were subject to the same 
digestion and dilution procedures.  
4.2.2.3 ICP-MS 
ICP-MS techniques work well for determining REE concentrations in natural samples 
because of the low limit of detection and the precise quantification limits and efficiencies, 
especially with higher mass elements (Lichte, Meier, and Crock 1987).  
All supernatants were analyzed for Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pb, Pr, Sc, Sm, 
Tb, Th, Tm, V, Y, and Yb on a Thermo X Series 2 ICP-MS using trace metal certified argon gas 
in collision cell mode with kinetic energy dispersion (CCT-KED). Each sample was analyzed by 
the instrument in triplicate, and the average counts of these triplicates were used to perform 
calculations. A 5 % HNO3 blank was also analyzed every 10 samples for quality control.  
Concentrations of REE were calculated by importing uncorrected raw counts from 
Thermo-Fisher PlasmaLab software into Microsoft Excel. Calibration curves were created to 
convert uncorrected values (counts) into µg/l concentrations.  Calibration equations were 
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accepted where the linear regression fits of standard counts versus concentrations had r2 > 0.999. 
From µg/l concentrations, µg of element per g of total media (µg/g) was calculated using initial 
pickup volumes and original masses. 
The instrument detection level (IDL) was determined as the average of the blank result 
plus 3 times the standard deviation of blank results (in µg/l) for each elemental isotope with n = 
10 blanks (US EPA 2014). The limit of quantification (LOQ) was determined as 10 times the 
standard deviation of the 0.5 µg/l standard average counts. The IDLs and LOQs for each element 
are shown in Table 4-3.  
 
Table 4-3 - ICP-MS detection and quantification limits for REE 
Element Isotope analyzed IDL (ng/l) LOQ (µg/l) 
Sc 45 7.88 0.138 
Y 89 0.94 0.053 
La 139 1.25 0.053 
Ce 140 1.48 0.076 
Pr 141 0.93 0.047 
Nd 146 1.92 0.103 
Sm 147 0.96 0.057 
Eu 153 1.03 0.068 
Gd 157 1.22 0.117 
Tb 159 1.05 0.045 
Dy 163 1.07 0.131 
Ho 165 1.12 0.058 
Er 166 1.16 0.085 
Tm 169 1.06 0.069 
Yb 172 1.17 0.103 




4.2.3 Data analysis 
Total REE (å REE) for each depth and site were determined by the sum of the µg/g 
values of La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu (Taylor and McLennan 
1985; Aubert et al. 2002). For a portion of this study, REE were split into subgroups and 
summed for trend analysis. The light REE (LREE) were established as La - Pr; medium-type 
REE (MREE) were defined as Nd - Tb; heavy REE (HREE) were Dy - Lu and Y (Bünzli 2013; 
McLennan and Taylor 2013). When comparing å REE to LREE, MREE, and HREE, Yttrium 
was added to å REE values for matching the HREE grouping.  
The customary diagrams for presenting REE normalization data are plots of 
logarithmically-scaled normalized values on the y-axis vs the increasing atomic number or 
reverse-order ionic radius linearly plotted on the x-axis (Hanson 1980). These types of ‘spider’ 
diagrams are termed Coryell-Masuda plots (McLennan and Taylor 2013), but are referred to in 
this text as ‘spider diagram’ for clarity. Typical normalization values are from Chondritic (CI) 
meteorites or Post Archaean Australian Shales (PAAS), due to similarities with bulk earth and 
sedimentary rock values (Aubert et al. 2002; Tang et al. 2013). For this study, CI was used for 
normalization values, from Taylor and McLennan (1985), because they were a better fit for the 
data and gave smoother resulting curves. Basaham et al. (2015) also noted that shales (i.e. 
PAAS) do not serve well as a background material for Red Sea coastal sediments, likely because 
of the high inclusion of carbonates, igneous rocks, and metamorphic rocks. All of the sites 
showed a distinctly positive anomaly for thulium (Tm), one of the rarest REE, although Tm 
values were among the lowest overall REE concentrations in the samples. The issue could be 
with the typical chondritic or PAAS normalizing values not fitting well as a background 
 
 130 
normalizer with this particular data set (Dauphas and Pourmand 2015). For this reason, some 
studies do not include thulium in normalization analyses, and it was excluded from the spider 
diagrams visualizations in this study for clarity (Olmez et al. 1991; Dauphas and Pourmand 
2015). Because promethium (Pm) is extremely rare in nature, it was excluded, as it common in 
most studies (Migaszewski and Gałuszka 2015). The elemental order for these diagrams, 
therefore, is in order of lightest to heaviest excluding Tm, Pm, and the non-lanthanides (Sc, Y, 
and Th). 
Europium anomalies were determined as shown in Equation 4-1, where EuN, SmN, and 







Equation 4-1– Calculating the Eu anomaly (McLennan and Taylor 2013; Pierret et al. 2010; 
Taylor and McLennan 1985) 
 
Ce/Ce* anomalies were calculated by Equation 4-2, where Ce/Ce* is the cerium 
anomaly, CeN, LaN, and PrN represent the values of cerium, lanthanum, and praseodymium in the 







Equation 4-2 - Calculating the Ce anomaly (McLennan and Taylor 2013; Pierret et al. 2010; 




JMP Pro 15.0 was used to create box and whisker and discrimination plots. Microsoft 
Excel was used for calculations and to create spider diagrams and scatter plots. Data was broken 
down by site, depth, and REE concentration.  
4.3 Results and discussion 
The results of the analyses, including concentrations, normalization patterns, and 
anomalies along with associated interpretations are presented here. 
4.3.1 Concentrations of REE 
Overall, the bulk total of REE (SREE; La – Lu) in µg/g were the highest at the 
Downtown site and lowest at the North Jeddah site. Values for Tm, Yb, and Lu were below 
quantification limits at the North Jeddah site. The median values for the SREE across the full 
core depth of three sites were 1.78 µg/g for North Jeddah, 9.81 µg/g for the Prince Naif region, 
and 32.8 µg/g for the Downtown site. Refer to Appendix C for REE concentration data and 
uncertainties. 
To better understand concentration distributions among depths, box and whisker plots 
were created for results from 0 - 12 cm, 12 – 24 cm, 24 – 36 cm, and 36 – 48 cm depth ranges, 
measured by distance from the surface, for the three sites. Figure 4-2 presents the SREE (µg/g) 
for the three sites on one plot for visual comparison of overall concentrations between sites. The 
Downtown site contains 2 – 3 times the total concentrations of the Prince Naif site and over 10 




Figure 4-2 - SREE (µg/g) for the three sites as a function of depth down the sediment cores. Data 
was collected at every 2 cm homogenized aliquot of the core. 
 
Similar box and whisker plots were created for the light (LREE; La - Pr), medium 
(MREE; Nd - Tb), and heavy (HREE; Dy – Lu; Y) REE, in µg/g, at 0 - 12 cm, 12 – 24 cm, 24 – 
36 cm, and 36 – 48 cm depth ranges of each core. A plot of SREE (including Y to match the 
HREE group) was added to each panel for ease of comparison between the total and the LREE, 
MREE, and HREE groups at a fixed scale per site. The plots for Downtown Jeddah, Prince Naif, 
and North Jeddah are presented in Figure 4-3, Figure 4-4, and  
Figure 4-5, respectively.  
In Figure 4-3, the Downtown Jeddah site shows increasing concentrations for the LREE 
from lower depths up to surface level. The MREE and HREE increase significantly from the 36 
– 48 cm depth to the 24 – 36 cm depth, but maintain fairly constant values upwards, with 
potentially significant increases at the top fourth of the core. The LREE have the largest increase 
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in concentration from the 36 – 48 cm depth up to the 24 – 36 cm section in the core, and LREE 
overall make up the bulk of the SREE concentrations. 
 
 
Figure 4-3 - REE concentrations (µg/g) over four sections of depth in the Downtown Jeddah 
core, broken up by total REE + Y (top left), light REE (top right), medium REE (bottom left) and 
heavy REE (bottom right). Yttrium is included in the total REE for comparison with the HREE 
category. The site shows the largest jump in concentrations from the bottom fourth of the core to 
the half point of the core. From the 24 – 36 cm depth upwards, the LREE increase at each depth 
range, while the MREE and HREE remain mostly steady. The LREE control the bulk of SREE 
concentrations. 
 
Figure 4-4 presents the SREE, LREE, MREE, and HREE data from the Prince Naif core. 
Similar to the Downtown site, the bottom fourth (36 – 48 cm) of the Prince Naif core contains 
the lowest overall REE concentrations. From the 36 – 48 cm depth to the 24 – 36 cm depth all of 
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the groupings, including the total REE, statistically increase. Between the 0 – 36 cm depths, 
concentrations stay close to constant, although LREE concentrations have a wider range for the 0 
– 12 cm surface depths of the core, impacting the widened range of the SREE at the surface. As 
with the Downtown site, the LREE category makes up the bulk of the concentration of SREE at 
the Prince Naif site. 
 
 
Figure 4-4 - REE concentrations (µg/g) over high, medium, low depths in the Prince Naif core, 
broken up by SREE + Y (top left), light REE (top right), medium REE (bottom left) and heavy 
REE (bottom right). The lower section of the core has the lowest overall REE concentrations in 
each group. From the 36 – 48 cm section to the 24 – 36 cm section, all groupings increase. From 
24 – 36 cm upwards, the concentrations stay fairly steady, except that the surface values (0 – 12 




The values of SREE, LREE, MREE, and HREE for the North Jeddah site are presented in 
Figure 4-5. The concentrations are very low for all groupings, with only very small shifts 
between depths. The location of the North Jeddah site is much farther, relative to the other two 
sites, from the industrial zones near the coastline and center of Jeddah, so this could be one 
reason this site is less enriched.   
 
 
Figure 4-5 - REE concentrations (µg/g) over high, medium, low depths in the North Jeddah at 
Salman Gulf core, broken up by total REE + Y (top left), light REE (bottom left), medium REE 
(top right) and heavy REE (bottom right). There is not a clear trend for the site, and the 





An examination of the potential anthropogenic sources to REE in region surrounding the 
Prince Naif and Downtown sites showed a few potential major REE sources that could be 
causing enrichment at these sites. Figure 4-6 shows the juxtaposition of the sites to major oil 
refineries, the international airport, and wastewater discharge sites.  
 
 
Figure 4-6 - Locations of the sites in relation to major oil refineries, wastewater discharge sites, 
and the King Abdulaziz International Airport. The two sites that show trended LREE to 
vanadium concentrations are very near to the oil refineries. The Prince Naif site is nearer to the 
airport, where stormwater runoff may be increased due to large areas of impervious cover from 
the runways. The Downtown site is also very near to the wastewater discharge sites, which 
release partially treated domestic sewage and increase organic matter and trace metal pollutants 




As studied by Olmez and Gordon (1985), vanadium (V) and LREE enrichment together 
indicates atmospheric pollution from oil refining. Vanadium is present in crude oil prior to 
processing, while LREE are used with zeolites for cracking catalysis. Post-processing petroleum 
products such as gasoline and oil in oil-fired power plants would retain LREE signatures but not 
vanadium (Olmez and Gordon 1985).  To investigate if the oil refineries are correlated with the 
LREE increases noted at the Downtown and Prince Naif sites, LREE and V concentrations in the 
cores were plotted side by side using box and whisker plots, separated by depth from surface, 
shown in Figure 4-7. The Downtown site co-expresses increases in LREE and V from the base to 
the top of the cores. The Prince Naif data also indicates that LREE and V pair in concentration 
patterns, although the concentrations stay steadier than the increases seen at the Downtown site. 
This may indicate that the Downtown site receives heavier inputs of oil refinery pollutants than 
Prince Naif, although both are affected. The North Jeddah site does not show an obvious 
connection between the two components at any of the depths. The North Jeddah is a greater 
distance from the refineries relative to the other two sites (Figure 4-6). If the atmospheric 
contributions from the oil refineries are causing the spike in LREE, the pollutants either do not 
travel very far north, potentially because of localized wind patterns carrying it directly to the 
nearest coastline, or it is not retained in the North Jeddah sediment due to differences in 






Figure 4-7 - Light REE concentrations (left) plotted alongside vanadium concentrations (right). 
Concentrations are in µg/g. The Downtown Jeddah and Prince Naif sites’ LREE concentrations 
co-express with V concentrations, while the North Jeddah site does not show a strong 
connection. Oil refinery emissions are known to be enriched in LREE from their use as catalysts, 
and V from natural impurities in crude oil, while post-processing petroleum products such as 





To more directly assess the correlations of LREE and V, bivariate plots of LREE versus 
V concentrations were created for all sites (Figure 4-8). The markers are colored by gradient 
from red to blue from deepest to shallowest depth from surface, respectively. It is evident that 
LREE and V strongly trend at the Downtown site and the Prince Naif sites, even at the deeper 
sample depths albeit with noticeably, trended lower total values. These depths likely represent 
dates prior to the implementation of the city’s oil refineries, but the pattern is still evident. The 
concentrations appear to diffuse downwards in a gradient pattern of decreasing concentrations by 





Figure 4-8 – Bivariate plot comparisons between LREE and V with trendlines. The colors 
represent the transition in depth between sample points, with red being deepest and blue being 
shallow. The shaded area around each line represents the 95 % confidence interval for the mean 
value of y for any given x. The R2 value reported is the fit of the regression as determined by 
least squares fitting. The Downtown Jeddah and Prince Naif sites show linear correlations, while 
the North Jeddah site does not. 
 
In aquatic sediments, metals can diffuse downward in sediment columns through 
biological and physical mixing (Aubert et al. 2002); this could explain the gradation effect of 
decreasing concentrations as metal species diffuse down the sediment column at the Downtown 
and Prince Naif sites, as is evident from Figure 4-8. The chemical diffusion rates at the 
Downtown site were previously determined by Al-mur (2017) using 7Be activity data to be 69.1 
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cm-2yr-1 at the Prince Naif site and 380 cm-2yr-1 at the Downtown site. The particle mixing rates 
were determined by 210Pb and were 2.54 cm-2yr-1 at Prince Naif and 6.80 cm-2yr-1 at the 
Downtown site. These mixing rates, particularly for the Downtown site, are likely high due to 
biological and physical mixing from high quantities of organic matter and benthic fauna (Al-
Mur, Quicksall, and Al-Ansari 2017).  
Redox conditions are known to control chemical diffusion through sediment columns. 
Haley, Klinkhammer, and McManus (2004) found that REE distributions within pore water and 
the leaching down sediment columns may be controlled mainly by organic coatings on sediment 
particles in oxic settings and by the reduction of Fe- and Ce-oxides in anoxic settings as carriers 
of REE within pore water. The organic matter coatings on suspended solids scavenge REE from 
the surface water through complexation, carry the REE down through the water column, re-
mineralize on sediment surfaces, and serve as a sink for releasing REE down the core (Haley, 
Klinkhammer, and McManus 2004). Fe-oxides also scavenge REE, and in anoxic conditions are 
reduced, releasing the scavenged REE, usually in an enriched MREE pattern  (Haley, 
Klinkhammer, and McManus 2004). The REE then sink down through the water profile into 
deeper sediments to unknown depths. Vanadium is also very sensitive to redox environment, as 
the valence state controls its solubility in seawater, and it is often used to track historic oceanic 
redox states (Wu et al. 2020). In oxic conditions, V species are highly soluble in seawater, but 
can adsorb onto Fe-oxides and clays. Under reducing conditions, V species will complex with 
organic matter or precipitate with minerals and begin to enrich sediments. Under highly reducing 
conditions, it will form insoluble solid oxide or hydroxide species. The geochemical environment 
of the sediment-water system will control the speciation and dispersion of V into the sediment 
column (Wu et al. 2020). This is a likely reason why the pollutants may diffuse down gradient, 
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lowering in concentration linearly, into the deeper sediments, even if the timeline recorded in 
these sediments does not correspond to the time the pollution occurred. As the North Jeddah site 
either does not receive or retain these same pollutants, it shows no pattern down gradient. 
Differences in fluvial inputs between the sites may explain why the North Jeddah site has 
lower REE concentrations than the two southern sites. Figure 4-9 presents the unique 
management scheme for the watersheds of the mountains to the east of Jeddah. Studies on these 
drainage systems have become of interest in recent years because of their connection to major 
floods in Jeddah (Youssef et al. 2016; 2015; Azzam and Belhaj Ali 2019). It would be very 
likely that the natural signatures of the REE in the sediments are derived from the mountains to 
the east of the site as the periodic flow through these wadis carry in sediment. Wadis are natural 
valleys that are typically dry but serve as runoff pathways down gradient towards the shore. 
Many coastal mudflats are derived from the particles picked up by runoff from the wadis 
(Youssef et al. 2016). The smaller wadis in the mountains to the east of the sites feed into larger 
systems and end in the coastal flats prior to reaching the shoreline (Youssef et al. 2016; Qari et 
al. 2009).  
The major rock types in the mountains to the east of the site are Neoproterozoic rocks 
that include volcanics, volcaniclastics, and intrusives such as granite and diorites, covered by 
Tertiary and Quaternary sediments and lavas (Qari et al. 2009). As impervious cover has 
increased in the coastal plains of Jeddah from urbanization, the runoff has drastically increased 
in turn, enabling floods and increasing the amount of runoff and sediment delivery into the Red 
Sea (Youssef et al. 2016; Qari et al. 2009). The signature from natural rocks weathered from the 
mountains and deposited into the Red Sea is likely consistent throughout all cores, but 
differences in concentrations are determined by the areas of deposition from the runoff. Because 
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the area of the city near the Prince Naif and Downtown sites have much more impervious cover 
that leads to flooding during major rain events (Azzam and Belhaj Ali 2019; Youssef et al. 2015; 
2016), these sites may have more inputs from settled anthropogenic and natural dust being 
carried off of surfaces in high concentrations by runoff. This is a likely reason that the southern 
sites would see greater REE influxes from these natural sources overall, even if they may retain 






Figure 4-9 - Watershed and drainage map showing the route of drainage from the surrounding 
mountains towards the flat coastline, near Prince Naif and Downtown Jeddah sites. ‘Wadi’ is a 
term referring to narrow valley pathways through the mountains. Runoff and wind flow through 
naturally through these wadis. Note that the main channels from the wadis end within the coastal 
plain without reaching the shoreline. The North Jeddah site is further north and not shown on this 
map. The city itself does not have a drainage system, and so runoff onto city streets is not 





To determine the signatures from natural and anthropogenic inputs, CI-normalized spider 
diagrams were created for the sites, shown in Figure 4-10.  
Although the North Jeddah site (Figure 4-10a) appears to have very dramatic anomalies, 
the concentrations for the North Jeddah site overall were much lower than the other sites. The 
heaviest elements of Tm, Yb, and Lu were below the limit of quantification, even at low 
dilutions, and they are excluded from the diagram. Between the various layers, the North Jeddah 
pattern maintains a consistent shape. This is an indication that not much has changed for the 
North Jeddah site over the years of sedimentation.  
The dominating signatures are very similar between the Downtown (Figure 4-10b) and 
Prince Naif (Figure 4-10c) sites. The Downtown site shows the most variation in signature with 
depth, separate from the clear increase in concentration shifting the signature upwards. The 
deepest depth segment for Downtown mimics the signature of the North Jeddah site, indicating 
they may have similar underlying parent material that has shifted over time for the Downtown 
site due to anthropogenic inputs. Other than the upward shift from increasing concentrations, the 
Prince Naif site does not show much variation in signature other than small shifts in Ce shape 




Figure 4-10 –Normalized values for North Jeddah (a), Downtown (b), and Prince Naif (c) to CI 
(normalizing values from Taylor and McLennan (1985)), averaged over every 6 cm of depth. 
The y-axis scale is maintained between the two graphs for comparison purposes. Note the 
difference in scale for each, due to differences in overall magnitude of concentrations. Tm is 
excluded from all sites for clarity.  
 
Figure 4-11 shows a closer comparison between the tops (0-6 cm) and bottoms (42-48 
cm) of the three cores. The North Jeddah site has no shift in overall signature, and it is difficult 
to see the two lines separately because they are nearly on top of one another, although this is 
more exaggerated due to the log scale and low concentrations at this site. The Prince Naif site 
shifts upwards due to increasing concentrations overall but does not change shape. The 
Downtown site mimics that of the North Jeddah site at the deepest samples, and then the 
signature changes significantly at the surface. The LREE, including the cerium anomaly, inverts 
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Figure 4-11 - Spider diagrams of the tops (surface; 0-6 cm, average of the three 2 cm top 
samples) and bottoms of each core (42-48 cm, average of the three 2 cm depth bottom samples) 
for comparing overall changes. The North Jeddah site shows virtually no change from top to 
bottom. The Prince Naif site mostly retains its original signature, although there is a shift 
upwards as concentrations increase. The Downtown site shows a strong fluctuation in signatures 
across the entire elemental range. 
 
Figure 4-12 examines the Ce/Ce* and Eu/Eu* from the spider diagrams in more detail. 
Cerium anomalies are consistently close to 1, although the Downtown site fluctuates more than 
the other two. In subsurface seawater, Ce(III) oxidizes to Ce(IV) oxide solid phases. These Ce-
oxide phases are insoluble in pore water, creating a ‘Ce anomaly’ from the other REE, until 
oxygen is reduced <~10µmol/L (Haley, Klinkhammer, and McManus 2004). This reduces the 
Ce4+ to the same trivalent state as the other REE. It then dissolves into porewater, rejoining the 
other REE. Because of this, the La and Ce/Ce* anomaly in marine sediments is typically 
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maintained around unity (Haley, Klinkhammer, and McManus 2004). The Downtown site is 
much shallower than the Prince Naif site (2 m depth for Downtown compared to 25 m depth at 
Prince Naif) and is also closer to shore and in a pier area with lots of human and benthic activity. 
Because of physical perturbations and the shallow depth, it likely has much more oxygen-rich 
waters at the sediment-water surface than the Prince Naif site, which may cause the Ce/Ce* 
anomaly to fluctuate above and below unity due to changes in conditions. The differences at the 
deeper depths may indicate the more natural baseline redox conditions during the pre-
industrialization era of the coastline. 
All of the sites have negative Eu/Eu* anomalies. The Prince Naif and North Jeddah site 
have relatively more negative Eu/Eu* anomalies compared to the Downtown site. Europium 
anomalies typically come from the parent rock rather than from environmental processes at the 
site of deposition. This indicates that the Eu/Eu* anomaly effects at the Downtown site could be 
from mixing from one or more separate parent sources, in contrast with the natural signature seen 





Figure 4-12 - Ce/Ce* and Eu/Eu* anomalies for the three cores. The red lines indicate the 1:1 
fraction where points to the right have a positive anomaly and those to the left are considered 
negative. The Prince Naif and North Jeddah site have a strongly negative Eu/Eu* anomaly, while 
the Downtown site is only slightly negative.  
 
Figure 4-13 presents discrimination plots of LaN/YbN versus (a) Eu/Eu*, (b) Ce/Ce*, and 
(c) La/Sc for the Prince Naif and Downtown sites. The ratio of LaN/YbN is a useful marker of 
LREE to HREE enrichment (Taylor and McLennan 1995; Lamaskin, Dorsey, and Vervoort 
2008), and these plots are used here to gather more information about the fundamental 
mechanisms of LREE enrichment at the sites. The North Jeddah site is excluded, as Yb 
concentrations were below the LOQ. There was no clear indication of trends by depth for any of 
the sites, and so depths are not presented. 
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As previously discussed, both cores have high LREE enrichment over HREE, and thus 
LaN/YbN is high for both sites. The Downtown site carries a higher LREE enrichment, so the 
Downtown data consistently plots higher than the Prince Naif site on the y axis. In Figure 4-13a, 
Prince Naif shows a nearly vertical pattern for Eu/Eu* when compared with LaN/YbN, indicating 
that the Eu/Eu* anomaly is independent of the light to heavy REE enrichment at the site. The 
Downtown site is more scattered, and the LREE enrichment does appear to have a correlation to 
Eu/Eu*. As previously mentioned, europium anomalies are usually adopted from the parent rock 
source. Prince Naif is showing that it likely has one major source that maintains the same Eu/Eu* 
anomaly, perhaps shared with the North Jeddah site, similar to the overlap of the two sites for 
Eu/Eu* anomalies shown in Figure 4-12. The changes in LREE do not affect this Eu/Eu* 
anomaly and vice versa. This would be true if the emissions from oil refining were the main 
pollutant source, since those emissions only contribute LREE and would not influence the 
Eu/Eu* signature of the parent rock source. The Downtown site, however, indicates a weak 
connection between LREE and Eu/Eu* (Figure 4-13a). This suggests that even though oil 
refineries are a major pollutant contributor, another unidentified source at this site is also 
enhancing the REE concentrations, including LREE, separately from the natural signature seen at 
the other two sites and the base of the Downtown core. 
In the Ce/Ce* plot (Figure 4-13b), both sites are more scattered in pattern. The 
Downtown site stretches horizontally across the range of Ce/Ce* and shows a very small positive 
trend as LaN/YbN increases, whereas the Prince Naif site is mostly vertical, indicating less of a 
correlation with Ce/Ce* and LREE enrichment. The LREE enrichment at the Downtown site 
may be influenced by redox state, whereas the Prince Naif site is not. The Downtown site is 
much richer in organic matter and is shallower in depth, with high physical and biological 
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mixing rates (Al-Mur, Quicksall, and Al-Ansari 2017). In organic-rich surface waters, Ce 
oxidizes to Ce(IV) and forms solids sorbed onto surfaces of particles along with coatings of 
organic matter by biologically mediated processes (Haley, Klinkhammer, and McManus 2004). 
It then descends down in the water column by sedimentation until it reaches the sediment-water 
interface. As dissolved oxygen becomes depleted down the water column, Ce is reduced back to 
Ce(III) and rejoins the other REE in porewater if it has been carried far enough into the 
sediments (Haley, Klinkhammer, and McManus 2004). This would mean that the Ce/Ce* 
anomaly would be positive at the upper segments of the Downtown site due to more organic 
matter and oxygen from biological and physical mixing, causing Ce(IV) to precipitate as Ce-
oxides. Further down the column, in anoxic conditions, dissolution would occur as Ce(IV) is 
reduced to Ce(III), releasing Ce into porewater and shifting to a negative anomaly, as was 
evident in Figure 4-12. The site is next to discharge sites for domestic wastewater which greatly 
increases organic load (Abu-Zied, Basaham, and El Sayed 2013). Because the shallow site is also 
close to the shoreline in a busy region of physical activity and contains high organic matter from 
wastewater, there are likely fluxes between oxic, suboxic, and anoxic zones over short periods of 
time that causes the natural system to sequester and deposit REE into the sediment in high 
concentrations.  
LaN/YbN is paired with La/Sc in Figure 4-13c.  Often, scandium (Sc) can be used as a 
conservative reference element for input of atmospheric dust (Krachler et al. 2003; Aubert et al. 
2002), and if La/Sc and LaN/YbN show correlations, it could indicate continental crust inputs 
through the spreading of dust (Lamaskin, Dorsey, and Vervoort 2008). Both cores have values of 
La/Sc greater than 1, but the Prince Naif region is consistently higher than the Downtown site. 
As mentioned previously, bastnasite ((La,Ce)CO3F) is a common mineral used for sourcing 
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LREE in commercial products, particularly for use with zeolite catalysts in oil refining. Both of 
the sites show an enrichment in La over Sc, which correlates to the earlier connection with oil 
refining emissions and wastewater as a pollutant source for these sites. For the Downtown site, 
the trend is nearly vertical, indicating that the LREE enrichment is not dependent on presence or 
absence of terrigenous windblown inputs. For Prince Naif, there is a slightly positive slope 
trending together; LaN/YbN and La/Sc both trend upwards together. This suggests that the 
Downtown site receives a majority of pollution inputs from wastewater and stormwater runoff as 
opposed to atmospheric, whereas Prince Naif mostly receives pollutant inputs from atmospheric. 
This could also explain the excess pollution in Downtown compared to Prince Naif, despite them 
being nearly equidistant from the oil refineries.  
 
 
Figure 4-13 - LaN/YbN, as an indicator of LREE/HREE enrichment, plotted versus (a) Eu/Eu*, as 
an indicator of anomalies for Eu regarding parent rock contribution or redox state (b) Ce/Ce*, 
also an indicator of redox state or parent rock sources through Ce anomalies and (c) La/Sc, as a 
marker of terrigenous atmospheric inputs for the Downtown and Prince Naif sites. The clearest 
trend is with the Prince Naif site in (c), showing a relationship between La/Sc as a proxy for 
atmospheric dust deposition correlating with the LREE enrichment. The ellipsoids represent the 




Together, these findings show that, while the sites are co-located near to each other, each 
has distinct signatures from one another that reveal differences in contributions and retention of 
REE from anthropogenic and/or natural sources. The North Jeddah site shows very little 
influence from REE over the time period captured in the sediment cores. The Prince Naif site 
reveals changes over the core depth that indicate inputs from both anthropogenic and natural 
sources, altering the overall REE signature from anthropogenic inputs but also enhancing the 
natural signature. The Downtown site shows the heaviest burden of REE inputs. The signature 
has changed significantly over the depths of the core, and this may be due to multiple factors 
influencing the deposition and retention of REE at this site. 
4.4 Conclusion 
This study provides data on benchmark values of REE from marine sediment cores off 
the coast of Jeddah, Saudi Arabia in the Red Sea.  
The overall conclusions from this study are: 
(a) The North Jeddah site is a good background indicator of natural sediment source 
signatures for REE off the central Saudi Arabian Red Sea coast. The site is low in 
REE enrichment and does not change normalized patterns with depth. There is no 
relationship between LREE and V, indicating that pollution from the oil refineries in 
the south and north either do not deposit at this site or that the REE remain in solution 
and do not transfer to the sediment. The consistent patterns in normalized REE 
concentrations from the North Jeddah site match the baseline patterns at the bottom 6 
cm of the Downtown core, and to some extent the base of Prince Naif core, indicating 
that this site is representative of the pre-industrial era natural patterns of REE for the 
marine coastline of Jeddah.  
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(b) Both the Downtown site and the Prince Naif site receive significant atmospheric 
pollution from the nearby oil refineries, as evidenced by the strong trend between 
LREE/HREE enrichment and vanadium, a known co-contaminant to LREE from oil 
refinery emissions. While there are likely other co-pollutants, the signature of the 
LREE indicates that the oil refinery pollutants from cracking catalysts are the 
dominant source. 
(c) The MREE and HREE of the three sites do not show much change in pollution source 
but do increase in concentration. This could be related to the fact that the runoff from 
the wadis in the mountain ranges to the east are captured into major drainage systems 
that outflow into the coastline near the sites, enhancing the concentrations of all REE 
but maintaining the natural geological pattern. 
(d) The Downtown site likely has at least one or more other pollutants, separate from oil 
refining and natural signatures carried in from the wadis, impacting REE patterns, as 
indicated by the complex alterations in spider diagram patterns with depth and 
relationships between LREE enrichment with Ce/Ce* and Eu/Eu* anomalies, and 
LaN/YbN to La/Sc patterns.  
(e) The Downtown site has a relationship between redox state and REE retention. It is 
close to domestic wastewater discharge points which enrich the lagoon with organic 
matter. Redox active Fe-oxides and organic matter are scavengers of REE, and 
changes in redox state can, therefore, cause the sequestration of REE into the 
sediment that diffuses down the sediment column. Because the shallow site is close to 
the shoreline in a busy region of physical activity, but with high organic matter from 
wastewater, there are likely fluctuations between oxic, suboxic, and anoxic zones that 
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cause these systems to periodically sequester and downwardly migrate REE through 
the sediment from the water column.  
(f) The Downtown site receives its pollution load from both atmospheric and aqueous 
phases, such as stormwater runoff and wastewater discharges, while the Prince Naif 
site is more impacted by atmospheric and has historically been less controlled by 
aqueous discharges for pollution, as evidenced by LaN/YbN to La/Sc patterns.  
Further studies should consider the role organic matter, carbonates, and phosphates play 
in the sequestration of REE. The North Jeddah site did not show the same REE enrichment of the 
southern sites. This could be due to the distance from the refineries, but it could also be 
influenced by speciation in the water, such as carbonate or phosphate complexes or the presence 
of organic ligands in the water stabilizing REE in solution. The pH of water also greatly 
influences the dissolved REE concentrations and speciation based on the presence of competing 
anions (Johannesson et al. 1995). As climate change creates more acidic oceans, the systems that 
control REE in the Red Sea coastal region may change, which could create environmental 
concern by rereleasing captured contaminants into the Red Sea. Additional flashiness of 
precipitation from climate change also adds to the total sediment influx to the Red Sea, 
smothering marine life and increasing overall burden of metals such as REE. Studying the 
changes of REE into marine sediments over recent time scales is vital to understanding human-
influenced impacts to the environment. The REE contamination record in near-shore marine 
sediments can then be applied as a proxy for understanding delivery of contaminants overall 
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CHAPTER 5.  CONCLUSION 
Studying heavy metals in the environment serves a vital role for understanding the health 
of vital shared environmental commodities of water, soil, and air. These resources require 
surveillance and protection for the sustainability of future generations and a healthy ecosystem. 
As the world population increases, urbanization paired with increases in industrial, commercial, 
military growth along with climate change all add to the overall environmental pollution burden. 
The fundamentals behind the transport and fate of metals in the environment is vital for 
identifying potential toxicity issues and identifying remedies. By performing research on natural 
samples from the environment, the data can be used by engineers for remediation solutions, 
chemists and geochemists for further understanding natural processes, geographical and 
statistical researchers for understanding spatial changes, historical researchers for documenting 
changes over time, and NGOs and governmental entities for enacting public policy changes. The 
steppingstones created by these environmental studies will greatly impact the ability to reduce 
the burden of pollution in the natural environment.  
These three studies specifically focused on studies of trace heavy metals, including 
uranium (U), lead (Pb), and rare earth elements (REE), from environmental field samples. The 
first study determined that the use of a metastable hydroxyapatite material for cleaning up 
depleted uranium (DU) can be highly effective. The study resulted in the material being selected 
for real-world clean up at a site impacted by DU from industrial and military operations. The 
data and conclusions from the study are already being used by other researchers in further 
developing clean up solutions. It has made a huge impact in the design of engineering solutions 
for remediation of U in the environment. 
The second study on the Pb burden near Jeddah in Saudi Arabia used Pb isotopes to 
identify major sources of Pb inputs to the coastline. The results of the study revealed that a major 
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source is from dust storms arising from the southern Arabian Peninsula and transporting 
pollutants across large areas, with another undetermined end member component potentially 
derived from anthropogenic and/or natural sources. While the health hazards of the frequent, 
major dust storms on the Arabian Peninsula have been studied regarding the crystallinity and size 
of particles as a respiratory hazard, this study found that there is an additional hazard behind the 
elemental makeup of the particles carrying toxic Pb. No other studies were uncovered during the 
research of this project showing that this had been characterized as a hazard in this region. There 
is no safe level of exposure to Pb, and children in particular are affected by Pb pollution, as it can 
greatly affect their IQ and their nervous system as their bodies develop. This study can be used in 
finding controls for air quality to prevent dust storms and reduce their impact, and it can also aid 
epidemiological studies to determine sources of Pb exposure in the regional populations, among 
other potential impacts. In addition, lead isotope studies can serve as proxies for sourcing other 
contaminants in the environment in future studies. 
Studies on rare earth element concentrations and patterns near the Red Sea made up the 
third portion of this work. The findings showed that pollution derived from oil refining is having 
a major impact on the REE burdens in the coastline sediments, a new discovery that has not been 
reported for this region. The complex systems of pollutant dispersal included atmospheric 
deposition and impacts from wastewater discharge and uncontrolled stormwater runoff, 
increased by impervious cover growth alongside urbanization in Jeddah. The natural baseline 
signature of REE at the coastline was established in this study and can be used by future 
researchers studying changes in geological processes and pollution burdens along the Jeddah 
coastline. Particularly because REE are used in so many products and processes, the tracing of 
REE can be used for the tracing of concomitant pollutants, for example as tracers for petroleum-
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related pollutants, other trace metals, and nuclear processes. This study included conclusions 
regarding organic matter and redox state controlling pollution burdens, and future studies can 
look to this information to build on to further understand the geochemical systems impacting 
REE pollution.  
Overall, these studies have had and will have significant impacts on the scientific 
contribution to understanding metal pollution in the environment. They can be used for further 





APPENDIX A. SEQUENTIAL EXTRACTION PROCEDURE 1 FOR OBJECTIVE 1 
Sequential Extraction Procedure 1 
A three-step sequential extraction procedure was adapted from Ruttenberg (1992) and 
performed at SMU. The extraction steps correspond to Steps 1, 3 and 5 from Ruttenberg (1992) 
and are referred to here as Stages 1, 2, and 3.  
1. Weakly Sorbed/Exchangeable. Stage 1 is designed to extract weakly sorbed or 
exchangeable analytes on the surface of phosphate solids using 1 molar (M) MgCl2 solution 
at pH 8 prepared with doubly-deionized (DDI) water. Approximately 0.5 g aliquots of each 
sample were initially placed into 50 mL centrifuge tubes, and 50 ml of MgCl2 was added 
to each tube. The tubes were agitated via a rotator for 2 hours. After extracting the liquid 
supernatant, another 50 ml wash of MgCl2 was added to the samples and rotated for 2 
hours, followed by two 2-hour DDI water washes. 
2. Strongly Sorbed/Weak Acid Soluble. Stage 2 is designed to extract analytes associated with 
highly sorbed and poorly-crystalline mineral phases. 1 M sodium acetate, adjusted to pH 4 
with acetic acid, was added to the residue from the first stage and rotated for 6 hours, 
followed by two consecutive 2-hour washes of 1 M MgCl2 and a final 2-hour DDI water 
wash.  
3. Recalcitrant. Stage 3 is designed to extract species associated with well-crystalized mineral 
phases and other recalcitrant phases. The remaining residue from Stage 2 was quantified 
and divided into two equal-sized aliquots. One aliquot was ashed prior to acid extraction 
to oxidize any recalcitrant organic matter. This aliquot was placed in a ceramic crucible 
and ashed in a furnace at 550 °C for 2 hours. Following ashing, both aliquots (ashed and 
non-ashed) were placed into separate 50 mL centrifuge tubes and were extracted using 50 
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ml of 1 M HCl for 16 hours on a rotator. The ashed vs. non-ashed portions give the total 
and inorganic portions, with the organic portion being the difference between the two. 
Following each wash, samples were centrifuged at 3900 rpm for 10 minutes. After 
extracting the supernatant with a micropipette, all samples were filtered through 45 µm PTFE 
filters. The first 2 ml through the filter were disposed and the remainder collected for analysis. 
Stages 1 and 2 supernatants were acidified to pH 1 using 5% nitric acid immediately following 
extraction. 
Sequential extraction analysis using this procedure was performed on bench test samples 
of raw Apatite II™, as well as on field test samples representing the inlet media from active 
canisters A-1a, A-1b, A-1c, A-2b, and media from passive canisters P-1b and P-2b.  
Ruttenberg has discussed the flaws in this method regarding mass losses through physical 
loss of fine particles of solid material during pipette removal and filtration of supernatants and 
during transfer of sediment residue between centrifuge tubes and crucibles (K.C. Ruttenberg et al. 
2009). To verify if there was significant mass lost throughout this procedure, Stage 3 was repeated 
on fresh, untreated aliquots of identical sample partitions to represent the total expected U in the 
samples. The samples were treated with 7 M nitric acid for 16 hours to dissolve highly-crystalline 
and other recalcitrant phases. Because of the discrepancies between Stage 3 and the results of the 
three-step sequential extractions using Procedure 1, a new procedure was developed. 
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APPENDIX B. LEAD CONCENTRATIONS AND ISOTOPIC DATA FOR RED SEA 
SEDIMENT CORES 
Table B- 1- Total lead concentration data and overall lead ratios from heavy acid digestions 
Core/depth Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 
µg/g ± 
North Jeddah at Salman Gulf    
0-2 cm 0.817 0.047 18.991 16.658 39.493 
2-4 cm 0.978 0.057 18.916 16.469 39.511 
4-6 cm 1.879 0.109 18.440 16.161 38.951 
6-8 cm 4.198 0.244 18.744 16.467 39.418 
8-10 cm 1.272 0.074 18.722 16.492 39.323 
10-12 cm 1.623 0.094 19.153 16.689 40.557 
12-14 cm 1.134 0.066 19.145 16.698 40.291 
14-16 cm 1.793 0.104 18.928 16.381 40.006 
16-18 cm 1.114 0.065 18.618 16.367 39.018 
18-20 cm 1.287 0.075 18.478 16.303 38.862 
20-22 cm 0.923 0.054 17.584 15.565 37.344 
22-24 cm 1.468 0.085 18.464 16.024 38.546 
24-26 cm 1.157 0.067 18.826 16.305 39.742 
26-28 cm 1.123 0.065 17.813 15.669 38.036 
28-30 cm 1.830 0.106 18.775 16.229 39.256 
30-32 cm 1.761 0.102 18.573 16.424 39.315 
32-34 cm 2.452 0.142 18.599 16.340 39.244 
34-36 cm 2.227 0.129 18.918 16.660 40.145 
36-38 cm 2.009 0.117 18.972 16.782 40.117 
38-40 cm 2.795 0.162 18.426 16.086 38.587 
40-42 cm 2.157 0.125 18.771 16.362 39.172 
42-44 cm 1.245 0.072 18.541 16.166 39.012 
44-46 cm 2.165 0.126 17.906 15.857 37.965 
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Core/depth Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 
µg/g ± 
Prince Naif 
0-2 cm 10.575 0.614 18.551 16.411 39.191 
2-4 cm 13.836 0.804 18.644 16.367 39.444 
4-6 cm 11.131 0.647 18.527 16.268 39.154 
6-8 cm 4.659 0.271 18.707 16.349 39.422 
8-10 cm 6.856 0.398 18.281 16.182 38.827 
10-12 cm 3.544 0.206 18.471 16.300 38.959 
12-14 cm 2.876 0.167 18.322 16.098 38.391 
14-16 cm 3.515 0.204 18.729 16.493 39.261 
16-18 cm 6.254 0.363 18.652 16.473 39.522 
18-20 cm 5.980 0.347 18.819 16.434 39.532 
20-22 cm 6.153 0.357 18.786 16.594 39.738 
22-24 cm 6.847 0.398 18.690 16.348 39.288 
24-26 cm 4.010 0.233 17.978 15.853 37.884 
26-28 cm 5.137 0.298 18.402 16.206 38.758 
28-30 cm 5.452 0.317 18.443 16.261 38.686 
30-32 cm 8.362 0.486 18.365 16.102 38.860 
32-34 cm 12.057 0.700 18.506 16.224 39.079 
34-36 cm 13.174 0.765 18.436 16.239 39.270 
36-38 cm 8.632 0.502 18.637 16.210 39.065 
38-40 cm 5.672 0.330 18.400 16.145 38.548 
40-42 cm 8.619 0.501 18.546 16.292 39.255 
42-44 cm 8.737 0.508 18.361 16.159 38.668 
44-46 cm 9.412 0.547 18.367 16.286 39.061 
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Core/depth Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 
µg/g ± 
Downtown Jeddah 
0-2 cm 45.933 2.669 18.839 16.503 39.721 
2-4 cm 45.526 2.645 18.494 16.376 39.174 
4-6 cm 40.188 2.335 18.535 16.306 39.097 
6-8 cm 35.445 2.059 18.835 16.562 39.803 
8-10 cm 36.638 2.129 19.044 16.811 40.452 
10-12 cm 38.772 2.253 18.732 16.421 39.645 
12-14 cm 41.427 2.407 18.863 16.649 39.790 
14-16 cm 23.369 1.358 18.933 16.731 40.050 
16-18 cm 40.419 2.348 18.717 16.757 39.770 
18-20 cm 38.343 2.228 18.305 16.450 39.201 
20-22 cm 42.368 2.462 18.958 16.641 40.050 
22-24 cm 32.710 1.900 18.662 16.469 39.559 
24-26 cm 20.469 1.189 18.948 16.511 39.414 
26-28 cm 24.399 1.418 19.046 16.695 40.248 
28-30 cm 22.959 1.334 18.994 16.575 40.090 
30-32 cm 15.063 0.875 19.237 16.679 40.434 
32-34 cm 25.280 1.469 19.030 16.677 40.107 
34-36 cm 28.312 1.645 19.065 16.758 40.352 
36-38 cm 25.213 1.465 18.276 16.167 38.780 
38-40 cm 34.033 1.977 18.473 16.190 38.926 
40-42 cm 28.978 1.684 18.898 16.760 40.415 
42-44 cm 30.226 1.756 18.529 16.391 39.323 
44-46 cm 25.384 1.475 18.498 16.451 39.290 
46-48 cm 30.444 1.769 18.364 16.193 39.086 
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APPENDIX C. RARE EARTH ELEMENT CONCENTRATIONS IN RED SEA SEDIMENT CORES 
Table C- 1 - REE concentrations in sediment cores (La – Gd). 
Core/depth La Ce Pr Nd Sm Eu Gd 
µg/g ± µg/g ± µg/g ± µg/g ± µg/g ± µg/g ± µg/g ± 
North Jeddah at Salman Gulf      
0-2 cm  0.369 0.060 0.752 0.042 0.080 0.018 0.382 0.060 0.071 0.013 0.017 0.001 0.076 0.017 
2-4 cm  0.293 0.061 0.597 0.033 0.065 0.018 0.325 0.051 0.062 0.013 0.013 0.001 0.066 0.017 
4-6 cm  0.267 0.061 0.549 0.031 0.061 0.018 0.308 0.049 0.059 0.013 0.013 0.001 0.066 0.017 
6-8 cm  0.311 0.061 0.652 0.036 0.070 0.018 0.354 0.056 0.069 0.013 0.015 0.001 0.076 0.017 
8-10 cm  0.295 0.061 0.623 0.035 0.069 0.018 0.340 0.054 0.066 0.013 0.014 0.001 0.072 0.017 
10-12 cm  0.324 0.061 0.689 0.038 0.075 0.018 0.381 0.060 0.072 0.013 0.015 0.001 0.078 0.017 
12-14 cm  0.311 0.061 0.642 0.036 0.071 0.018 0.353 0.056 0.073 0.013 0.016 0.001 0.074 0.017 
14-16 cm  0.405 0.060 0.800 0.045 0.094 0.018 0.434 0.068 0.084 0.013 0.018 0.002 0.094 0.017 
16-18 cm  0.341 0.060 0.718 0.040 0.081 0.018 0.400 0.063 0.074 0.013 0.016 0.001 0.082 0.017 
18-20 cm  0.357 0.060 0.756 0.042 0.084 0.018 0.417 0.066 0.083 0.013 0.017 0.001 0.090 0.017 
20-22 cm  0.348 0.060 0.733 0.041 0.082 0.018 0.413 0.065 0.073 0.013 0.017 0.001 0.085 0.017 
22-24 cm  0.329 0.060 0.698 0.039 0.079 0.018 0.394 0.062 0.079 0.013 0.017 0.001 0.083 0.017 
24-26 cm  0.317 0.061 0.670 0.037 0.077 0.018 0.372 0.059 0.075 0.013 0.015 0.001 0.080 0.017 
26-28 cm  0.298 0.061 0.648 0.036 0.073 0.018 0.356 0.056 0.070 0.013 0.015 0.001 0.072 0.017 
28-30 cm  0.340 0.060 0.721 0.040 0.082 0.018 0.401 0.063 0.079 0.013 0.016 0.001 0.082 0.017 
30-32 cm  0.322 0.061 0.677 0.038 0.076 0.018 0.370 0.058 0.073 0.013 0.016 0.001 0.080 0.017 
32-34 cm  0.336 0.060 0.709 0.039 0.081 0.018 0.390 0.062 0.079 0.013 0.019 0.002 0.088 0.017 
34-36 cm  0.325 0.061 0.690 0.038 0.077 0.018 0.378 0.060 0.069 0.013 0.017 0.001 0.079 0.017 
36-38 cm  0.311 0.061 0.661 0.037 0.072 0.018 0.360 0.057 0.069 0.013 0.014 0.001 0.072 0.017 
 
 174 
Core/depth La Ce Pr Nd Sm Eu Gd 
µg/g ± µg/g ± µg/g ± µg/g ± µg/g ± µg/g ± µg/g ± 
38-40 cm  0.318 0.061 0.669 0.037 0.073 0.018 0.368 0.058 0.072 0.013 0.015 0.001 0.074 0.017 
40-42 cm  0.371 0.060 0.792 0.044 0.088 0.018 0.433 0.068 0.085 0.013 0.018 0.002 0.093 0.017 
42-44 cm  0.362 0.060 0.749 0.042 0.086 0.018 0.413 0.065 0.084 0.013 0.018 0.002 0.084 0.017 
44-46 cm  0.294 0.061 0.606 0.034 0.070 0.018 0.330 0.052 0.068 0.013 0.016 0.001 0.073 0.017 
46-48 cm  0.228 0.062 0.494 0.028 0.055 0.018 0.264 0.042 0.053 0.013 0.011 0.000 0.056 0.017 
Prince Naif area of Jeddah        
0-2 cm  2.121 0.041 5.415 0.318 0.579 0.024 2.511 0.397 0.534 0.010 0.118 0.019 0.544 0.010 
2-4 cm  1.927 0.043 4.262 0.237 0.541 0.023 2.369 0.374 0.517 0.010 0.116 0.018 0.502 0.011 
4-6 cm  1.811 0.044 3.952 0.220 0.492 0.023 2.201 0.348 0.476 0.010 0.104 0.016 0.468 0.011 
6-8 cm  1.478 0.048 3.248 0.181 0.413 0.022 1.882 0.297 0.415 0.011 0.089 0.014 0.423 0.012 
8-10 cm  1.750 0.045 3.636 0.203 0.439 0.022 1.894 0.299 0.385 0.011 0.082 0.013 0.383 0.012 
10-12 cm  2.572 0.036 5.617 0.313 0.712 0.025 3.047 0.481 0.618 0.009 0.130 0.021 0.596 0.009 
12-14 cm  1.690 0.046 3.465 0.193 0.470 0.023 2.106 0.333 0.448 0.011 0.097 0.015 0.452 0.011 
14-16 cm  1.572 0.047 3.389 0.189 0.441 0.022 1.990 0.314 0.424 0.011 0.094 0.015 0.434 0.012 
16-18 cm  1.826 0.044 3.807 0.212 0.511 0.023 2.276 0.359 0.487 0.010 0.104 0.016 0.494 0.011 
18-20 cm  1.466 0.048 3.247 0.181 0.407 0.022 1.808 0.286 0.392 0.011 0.088 0.014 0.397 0.012 
20-22 cm  2.125 0.041 4.430 0.247 0.593 0.024 2.589 0.409 0.531 0.010 0.117 0.019 0.537 0.010 
22-24 cm  1.762 0.045 3.851 0.214 0.485 0.023 2.138 0.338 0.443 0.011 0.098 0.015 0.447 0.011 
24-26 cm  1.917 0.043 4.212 0.235 0.541 0.023 2.449 0.387 0.527 0.010 0.121 0.019 0.523 0.010 
26-28 cm  2.084 0.041 4.691 0.261 0.610 0.024 2.651 0.419 0.580 0.010 0.125 0.020 0.577 0.009 
28-30 cm  1.761 0.045 3.970 0.221 0.495 0.023 2.216 0.350 0.477 0.010 0.108 0.017 0.469 0.011 
30-32 cm  1.891 0.044 4.317 0.240 0.541 0.023 2.419 0.382 0.531 0.010 0.121 0.019 0.529 0.010 
32-34 cm  1.585 0.047 3.659 0.204 0.457 0.022 2.050 0.324 0.443 0.011 0.100 0.016 0.454 0.011 
34-36 cm  1.559 0.047 3.290 0.183 0.431 0.022 1.958 0.309 0.421 0.011 0.093 0.014 0.420 0.012 
36-38 cm  1.543 0.047 3.438 0.192 0.404 0.022 1.785 0.282 0.367 0.011 0.080 0.012 0.370 0.012 
38-40 cm  1.343 0.049 2.872 0.160 0.371 0.022 1.633 0.258 0.344 0.011 0.075 0.011 0.347 0.013 
40-42 cm  1.064 0.053 2.449 0.136 0.292 0.021 1.308 0.207 0.281 0.012 0.062 0.009 0.285 0.014 
42-44 cm  1.123 0.052 2.417 0.135 0.303 0.021 1.359 0.215 0.294 0.012 0.063 0.009 0.293 0.014 
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Core/depth La Ce Pr Nd Sm Eu Gd 
µg/g ± µg/g ± µg/g ± µg/g ± µg/g ± µg/g ± µg/g ± 
44-46 cm  0.805 0.055 1.779 0.099 0.215 0.020 0.972 0.153 0.212 0.012 0.045 0.006 0.212 0.015 
46-48 cm  1.104 0.052 2.459 0.137 0.294 0.021 1.299 0.205 0.272 0.012 0.057 0.008 0.273 0.014 
Downtown Jeddah          
0-2 cm  7.191 0.014 17.439 0.988 2.199 0.042 8.853 1.398 1.849 0.001 0.487 0.082 1.916 0.010 
2-4 cm  5.862 0.000 15.917 0.887 1.794 0.037 7.294 1.152 1.495 0.003 0.397 0.067 1.546 0.005 
4-6 cm  5.638 0.003 15.667 0.873 1.695 0.036 6.848 1.081 1.398 0.004 0.401 0.068 1.414 0.003 
6-8 cm  5.925 0.000 15.944 0.888 1.795 0.037 7.209 1.139 1.447 0.003 0.416 0.070 1.477 0.004 
8-10 cm  5.599 0.003 14.692 0.818 1.693 0.036 6.895 1.089 1.410 0.004 0.388 0.065 1.425 0.003 
10-12 cm  5.519 0.004 15.302 0.852 1.688 0.036 6.798 1.074 1.382 0.004 0.400 0.067 1.409 0.003 
12-14 cm  6.514 0.007 17.646 0.983 1.957 0.039 7.690 1.215 1.517 0.003 0.405 0.068 1.597 0.005 
14-16 cm  3.827 0.022 10.664 0.594 1.227 0.031 4.791 0.757 0.979 0.007 0.312 0.052 0.978 0.004 
16-18 cm  5.893 0.000 14.021 0.781 1.804 0.037 7.233 1.142 1.493 0.003 0.415 0.070 1.501 0.004 
18-20 cm  5.465 0.005 14.770 0.823 1.636 0.035 6.568 1.037 1.320 0.004 0.373 0.063 1.361 0.002 
20-22 cm  5.296 0.007 15.076 0.840 1.611 0.035 6.406 1.012 1.322 0.004 0.375 0.063 1.303 0.001 
22-24 cm  5.337 0.006 12.380 0.690 1.629 0.035 6.468 1.022 1.321 0.004 0.371 0.062 1.364 0.002 
24-26 cm  4.402 0.016 11.559 0.644 1.368 0.033 5.451 0.861 1.142 0.006 0.325 0.054 1.146 0.001 
26-28 cm  5.197 0.008 13.925 0.776 1.608 0.035 6.451 1.019 1.335 0.004 0.380 0.064 1.397 0.002 
28-30 cm  4.855 0.011 13.087 0.729 1.523 0.034 6.041 0.954 1.223 0.005 0.357 0.060 1.266 0.001 
30-32 cm  3.966 0.021 10.474 0.583 1.263 0.031 5.007 0.791 1.035 0.006 0.329 0.055 1.045 0.003 
32-34 cm  6.137 0.003 13.961 0.778 1.829 0.038 7.288 1.151 1.496 0.003 0.415 0.070 1.550 0.005 
34-36 cm  5.034 0.009 13.807 0.769 1.561 0.035 6.155 0.972 1.254 0.005 0.335 0.056 1.287 0.001 
36-38 cm  4.321 0.017 10.927 0.609 1.302 0.032 5.228 0.826 1.074 0.006 0.301 0.050 1.061 0.002 
38-40 cm  4.091 0.020 10.422 0.581 1.281 0.032 5.167 0.816 1.059 0.006 0.320 0.053 1.077 0.002 
40-42 cm  4.318 0.017 8.634 0.481 1.279 0.032 5.110 0.807 1.025 0.006 0.315 0.053 1.057 0.002 
42-44 cm  3.596 0.025 7.117 0.396 1.135 0.030 4.453 0.703 0.886 0.007 0.284 0.047 0.885 0.005 
44-46 cm  3.168 0.030 6.259 0.349 0.931 0.028 3.632 0.574 0.713 0.009 0.169 0.028 0.734 0.007 
46-48 cm  3.663 0.024 7.845 0.437 1.050 0.029 4.154 0.656 0.916 0.007 0.199 0.033 0.938 0.004 





Table C- 2 - REE concentrations in sediment cores (Tb – Lu). Below LOQ values are labeled 'nd*' 
Core/depth Tb Dy Ho Er Tm Yb Lu 
µg/g ± µg/g ± µg/g ± µg/g ± µg/g ± µg/g ± µg/g ± 
North Jeddah at Salman Gulf       
0-2 cm 0.020 0.003 0.067 0.009 0.023 0.004 0.038 0.011 nd*  nd*  nd*  
2-4 cm 0.019 0.003 0.061 0.009 0.023 0.004 0.035 0.011 nd*  nd*  nd*  
4-6 cm 0.016 0.002 0.058 0.008 0.019 0.004 0.034 0.011 nd*  nd*  nd*  
6-8 cm 0.021 0.003 0.067 0.009 0.024 0.004 0.038 0.011 nd*  nd*  nd*  
8-10 cm 0.018 0.002 0.065 0.009 0.022 0.004 0.036 0.011 nd*  nd*  nd*  
10-12 cm 0.022 0.003 0.072 0.010 0.026 0.005 0.041 0.011 nd*  nd*  nd*  
12-14 cm 0.019 0.003 0.067 0.009 0.023 0.004 0.040 0.011 nd*  nd*  nd*  
14-16 cm 0.023 0.003 0.082 0.010 0.027 0.005 0.047 0.011 nd*  nd*  nd*  
16-18 cm 0.023 0.003 0.080 0.010 0.027 0.005 0.043 0.011 nd*  nd*  nd*  
18-20 cm 0.024 0.003 0.081 0.010 0.028 0.005 0.044 0.011 nd*  nd*  nd*  
20-22 cm 0.022 0.003 0.079 0.010 0.026 0.005 0.043 0.011 nd*  nd*  nd*  
22-24 cm 0.022 0.003 0.075 0.010 0.026 0.005 0.045 0.011 nd*  nd*  nd*  
24-26 cm 0.021 0.003 0.070 0.009 0.025 0.004 0.042 0.011 nd*  nd*  nd*  
26-28 cm 0.020 0.003 0.069 0.009 0.023 0.004 0.038 0.011 nd*  nd*  nd*  
28-30 cm 0.023 0.003 0.080 0.010 0.028 0.005 0.043 0.011 nd*  nd*  nd*  
30-32 cm 0.021 0.003 0.073 0.010 0.024 0.004 0.041 0.011 nd*  nd*  nd*  
32-34 cm 0.021 0.003 0.078 0.010 0.025 0.004 0.044 0.011 nd*  nd*  nd*  
34-36 cm 0.022 0.003 0.075 0.010 0.026 0.005 0.040 0.011 nd*  nd*  nd*  
36-38 cm 0.020 0.003 0.070 0.009 0.025 0.004 0.039 0.011 nd*  nd*  nd*  
38-40 cm 0.021 0.003 0.068 0.009 0.024 0.004 0.038 0.011 nd*  nd*  nd*  
40-42 cm 0.023 0.003 0.082 0.010 0.028 0.005 0.048 0.011 nd*  nd*  nd*  
42-44 cm 0.022 0.003 0.080 0.010 0.026 0.005 0.044 0.011 nd*  nd*  nd*  
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Core/depth Tb Dy Ho Er Tm Yb Lu 
µg/g ± µg/g ± µg/g ± µg/g ± µg/g ± µg/g ± µg/g ± 
44-46 cm 0.017 0.002 0.067 0.009 0.020 0.004 0.039 0.011 nd*  nd*  nd*  
46-48 cm 0.014 0.002 0.050 0.008 0.017 0.004 0.029 0.011 nd*  nd*  nd*  
Prince Naif area of Jeddah        
0-2 cm 0.089 0.008 0.459 0.041 0.101 0.008 0.255 0.013 0.055 0.008 0.228 0.049 0.060 0.028 
2-4 cm 0.085 0.007 0.450 0.040 0.099 0.008 0.246 0.013 0.055 0.008 0.222 0.048 0.059 0.027 
4-6 cm 0.078 0.007 0.416 0.038 0.089 0.008 0.225 0.013 0.047 0.006 0.203 0.043 0.049 0.020 
6-8 cm 0.072 0.006 0.362 0.033 0.084 0.008 0.205 0.012 0.050 0.007 0.186 0.039 0.054 0.024 
8-10 cm 0.064 0.006 0.341 0.032 0.074 0.007 0.189 0.012 0.042 0.005 0.172 0.035 0.046 0.018 
10-12 cm 0.092 0.008 0.470 0.042 0.100 0.008 0.255 0.013 0.053 0.008 0.220 0.047 0.056 0.025 
12-14 cm 0.074 0.007 0.390 0.036 0.086 0.008 0.220 0.013 0.049 0.007 0.200 0.042 0.053 0.023 
14-16 cm 0.076 0.007 0.388 0.035 0.087 0.008 0.218 0.013 0.053 0.008 0.197 0.041 0.057 0.026 
16-18 cm 0.083 0.007 0.426 0.038 0.095 0.008 0.240 0.013 0.055 0.008 0.217 0.047 0.061 0.028 
18-20 cm 0.069 0.006 0.353 0.033 0.080 0.007 0.197 0.012 0.049 0.007 0.180 0.037 0.053 0.023 
20-22 cm 0.088 0.008 0.464 0.042 0.097 0.008 0.252 0.013 0.052 0.008 0.221 0.048 0.055 0.025 
22-24 cm 0.073 0.007 0.391 0.036 0.084 0.008 0.214 0.012 0.046 0.006 0.188 0.039 0.052 0.022 
24-26 cm 0.090 0.008 0.470 0.042 0.105 0.009 0.261 0.013 0.060 0.010 0.239 0.052 0.064 0.030 
26-28 cm 0.091 0.008 0.491 0.044 0.105 0.009 0.277 0.013 0.053 0.008 0.243 0.053 0.057 0.025 
28-30 cm 0.083 0.007 0.420 0.038 0.094 0.008 0.236 0.013 0.054 0.008 0.217 0.047 0.059 0.027 
30-32 cm 0.091 0.008 0.462 0.041 0.103 0.009 0.258 0.013 0.061 0.010 0.235 0.051 0.066 0.031 
32-34 cm 0.077 0.007 0.392 0.036 0.087 0.008 0.213 0.012 0.051 0.007 0.197 0.042 0.056 0.025 
34-36 cm 0.073 0.007 0.349 0.032 0.081 0.007 0.186 0.012 0.050 0.007 0.170 0.035 0.056 0.025 
36-38 cm 0.065 0.006 0.325 0.030 0.075 0.007 0.178 0.012 0.047 0.006 0.158 0.032 0.052 0.023 
38-40 cm 0.062 0.006 0.316 0.029 0.072 0.007 0.174 0.012 0.043 0.005 0.158 0.032 0.048 0.020 
40-42 cm 0.051 0.005 0.254 0.024 0.059 0.006 0.139 0.012 0.038 0.004 0.129 0.024 0.043 0.017 
42-44 cm 0.053 0.005 0.253 0.024 0.060 0.006 0.141 0.012 0.040 0.004 0.130 0.024 0.044 0.017 
44-46 cm 0.037 0.004 0.184 0.019 0.042 0.005 0.104 0.011 0.026 0.001 0.093 0.015 0.029 0.007 
46-48 cm 0.046 0.005 0.240 0.023 0.055 0.006 0.133 0.012 0.032 0.002 0.124 0.023 0.035 0.012 
 
 178 
Core/depth Tb Dy Ho Er Tm Yb Lu 
µg/g ± µg/g ± µg/g ± µg/g ± µg/g ± µg/g ± µg/g ± 
 
Downtown Jeddah          
0-2 cm 0.326 0.025 1.432 0.120 0.345 0.021 0.781 0.018 0.199 0.046 0.656 0.159 0.205 0.124 
2-4 cm 0.273 0.021 1.186 0.100 0.284 0.018 0.632 0.017 0.170 0.038 0.512 0.122 0.178 0.105 
4-6 cm 0.260 0.020 1.096 0.093 0.272 0.017 0.597 0.016 0.173 0.039 0.480 0.114 0.181 0.108 
6-8 cm 0.283 0.022 1.132 0.096 0.297 0.019 0.625 0.017 0.186 0.042 0.502 0.119 0.196 0.117 
8-10 cm 0.263 0.021 1.100 0.093 0.277 0.018 0.609 0.017 0.168 0.037 0.489 0.116 0.173 0.103 
10-12 cm 0.268 0.021 1.063 0.090 0.288 0.018 0.598 0.016 0.183 0.041 0.482 0.114 0.197 0.118 
12-14 cm 0.270 0.021 1.184 0.100 0.289 0.018 0.647 0.017 0.171 0.038 0.511 0.122 0.178 0.106 
14-16 cm 0.216 0.017 0.793 0.068 0.228 0.015 0.433 0.015 0.162 0.036 0.344 0.079 0.177 0.105 
16-18 cm 0.275 0.022 1.179 0.100 0.290 0.018 0.635 0.017 0.179 0.040 0.520 0.124 0.186 0.111 
18-20 cm 0.252 0.020 1.048 0.089 0.271 0.017 0.560 0.016 0.170 0.038 0.464 0.110 0.179 0.107 
20-22 cm 0.254 0.020 1.030 0.088 0.267 0.017 0.564 0.016 0.172 0.039 0.459 0.109 0.181 0.108 
22-24 cm 0.249 0.020 1.060 0.090 0.268 0.017 0.576 0.016 0.165 0.037 0.460 0.109 0.171 0.101 
24-26 cm 0.224 0.018 0.912 0.078 0.235 0.015 0.494 0.015 0.152 0.033 0.390 0.091 0.161 0.094 
26-28 cm 0.253 0.020 1.066 0.091 0.275 0.018 0.591 0.016 0.168 0.038 0.470 0.111 0.177 0.105 
28-30 cm 0.246 0.019 0.971 0.083 0.258 0.017 0.522 0.016 0.171 0.038 0.427 0.100 0.182 0.109 
30-32 cm 0.223 0.018 0.834 0.072 0.240 0.016 0.461 0.015 0.166 0.037 0.361 0.084 0.177 0.105 
32-34 cm 0.274 0.021 1.196 0.101 0.291 0.018 0.654 0.017 0.174 0.039 0.519 0.124 0.178 0.106 
34-36 cm 0.250 0.020 1.045 0.089 0.268 0.017 0.572 0.016 0.170 0.038 0.463 0.110 0.178 0.106 
36-38 cm 0.208 0.017 0.825 0.071 0.220 0.015 0.457 0.015 0.147 0.032 0.357 0.082 0.158 0.092 
38-40 cm 0.217 0.017 0.861 0.074 0.229 0.015 0.460 0.015 0.150 0.033 0.364 0.084 0.160 0.094 
40-42 cm 0.214 0.017 0.820 0.071 0.230 0.015 0.434 0.015 0.158 0.035 0.359 0.083 0.167 0.099 
42-44 cm 0.195 0.016 0.687 0.060 0.204 0.014 0.381 0.014 0.149 0.033 0.295 0.067 0.159 0.094 
44-46 cm 0.165 0.013 0.516 0.046 0.180 0.013 0.342 0.014 0.189 0.043 0.333 0.076 0.283 0.175 
46-48 cm 0.173 0.014 0.659 0.057 0.177 0.012 0.410 0.014 0.152 0.033 0.382 0.089 0.214 0.130 
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